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Abstract
Due to the large number o f facilities that produce oil and gas with numerous 
valves used, a review o f valve handwheel operation was o f interest. Review of 
literature on two handed handwheel tasks yielded very little and raised questions about 
what amount o f torque a user could exert on a handwheel. The objectives of this 
research were to determine the effects of height of exertion, orientation of the 
handwheel and type of handwheel while making two-handed torque exertions, test a 
custom designed handwheel against commonly distributed handwheels and to determine 
the effects o f gloves commonly used in the oil and gas industry on two-handed torque 
generation capability. The objectives were addressed through two experiments.
In experiment one, it was found that the custom designed handwheel allowed for 
the generation of significantly different and greater torque than the two industry 
handwheels, that the height of exertion was significant only in the case o f the overhead 
height, and that the vertical orientation of the handwheel allowed for more torque 
generation. A second analysis was conducted without the overhead height data which 
indicated that the custom designed handwheel remained significantly better than the 
other two handwheels, and that the vertical orientation allowed for the generation of the 
most torque in the majority of configurations. These results also indicated that floor 
height is significantly different from the other three heights. The development of a 
predictive equation for torque capability based on task, anthropometric and strength 
factors was not as robust as deemed necessary due to the small sample size.
The results of the second experiment indicated that no one glove type was 
significantly different from the other, but that the cotton glove with plastic dotting did
xi
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allow for the generation o f greater torque than the bare-handed condition which was 
greater than the leather gloved condition. It was also found that the quarter arc 
handwheel allowed for the generation of significantly greater torque than did the 
circular handwheel. The effect of gender was also seen with females generating 
46.78% of the torque o f males.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter One: Introduction
In the facilities that extract and process oil and other chemicals, miles o f tubing 
and pipe transport and modify the products that they contain. In this tubing and pipe, 
valves of many types are used for control of flow and emergency shut-in operations. In 
processing plants and on production platforms, some o f these valves have been fitted 
with pneumatic and hydraulic actuators that reduce human exertion requirements and 
allow for integrated automation o f these facilities. Many of these automated valves also 
have the potential for manual operation in case o f emergency and a host o f other valves 
cannot be or are not automated. Automation is not the standard case, particularly with 
the drilling, completion and workover rigs that perform much o f the work associated 
with oil well development. In these types of facilities manually operated valves are 
predominate (Rice, 1999).
Even with the great number o f automated valves in a state such as Louisiana 
with 1476 oil and gas extraction companies, 249 chemical and allied product producers, 
and 58 coal and petroleum product producers, there remain thousands o f manually 
operated valves (Maruggi and Bell, 1997). In fact, it has been estimated that 50% o f all 
valves are manually operated (Shih et al., 1997). The lives of the 98,200 people 
working in these facilities, as well as the public living and working around these sites, 
depend on the responsible control o f processes and effective use o f valves, particularly 
in emergency situations (Maruggi and Bell, 1997).
With manually operated valves being so prevalent, it is logical to examine how 
they are used. Anecdotal information from veteran oil service company personnel 
indicates that valves in oil production and processing facilities are located in nearly
1
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every location on rigs and platforms, from accessible to inaccessible. This individual 
reported that valves are generally mounted with the handwheel in a vertical position and 
at heights varying from the floor to more than 30 cm. overhead (Rice, 1999). The 
exertion required to operate these valve handwheels in the field is also a concern. 
Jackson et al. (1992) made measurements o f the torques required to initiate the opening 
of 217 valves in a chemical plant and found that 407 Newton-meters (Nm) or 444.34 
Newtons (N) o f torque were sufficient to crack 93% of the valves. Parks and Schulze 
(1998) conducted similar research and found that mean torques for operating valves at 
the Phillips Puerto Rico Core, Inc. facility ranged from 98 to 225 Nm. Based on an 
average handwheel of 30.48 cm. in diameter, 321.52 to 738.19 N of force was required 
to operate these valves. Notably, it was reported by Mead (1986) and confirmed by 
valve designers for Cooper Valves (Gordon, 1999) that most valve manufacturers 
assume in their valve design that humans can exert 222.17 N (50 lbf.) of rim force to 
operate a valve. This assumption would seem to be in serious disagreement with the 
data collected by Jackson et al. (1992) and Parks and Schulze (1998). Jackson et al. 
(1992) reported the need for twice the force assumed by valve designers and Parks and 
Schulze (1998) reported the need for 145 to 332% of the assumed force. Rim force for 
these purposes is defined as the force exerted on the rim of the handwheel. An obvious 
question then is, what human force and therefore torque will a person commonly 
generate at different heights to operate valves under different circumstances.
The question of valve operation is not as simple as determining how much 
torque must be generated. It must address whether or not a person would be capable of 
operating these valves under specific conditions. Valves and their actuators may be of
2
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many different types and can be found at many heights, orientations, and reaches, in 
areas were gloves o f varying types might be required. How these factors would affect a 
person's ability to operate the actuator has not been extensively examined in research 
literature. Literature on manually operated handwheels has focused on small 
handwheels o f a diameter too small to generally be used in offshore and production 
facilities and on single-handed exertions o f large handwheels which is not directly 
applicable in most valve operations in the target industries. In fact, the majority o f 
literature on human torque exertion has focused on the handles o f small hand tools. 
While these studies provide good information, their similarity to two-handed exertion 
capabilities is not known. The limited number o f research articles on two-handed 
torque exertion with large handwheels, all published very recently, indicates the need 
for this type o f research.
There are also few guidelines or recommendations for the placement and type of 
handwheels to be used for torque exertion. The American Bureau of Shipping (1998) 
provided guidance in their Application o f  Ergonomics to Marine Systems publication. It 
was recommended that handwheels of greater than 15 cm. in diameter be designed and 
oriented for two hand operation. Valves oriented with the stem in the vertical position 
are preferred when the valve handwheel can be located between 15 cm. and 101.5 cm. 
above the operator's standing surface. Placing the stem in the horizontal position is 
preferred when the handwheel centerline is located more than 122 cm. above the 
standing surface. Stems mounted between 101.5 cm. and 122 cm. can be oriented either 
vertically or horizontally as needed. Moore and Miller (1998) supported these 
recommendations in their guidance for engineers and mechanics for offshore facilities.
3
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The Department of Defense (United States, 1998) offered other 
recommendations in their Design Criteria Standard for Human Engineering. While no 
information was recommended for locating handwheels, size o f the handwheel and the 
diameter o f the handwheel material were recommended based on the handwheel 
application. In general a handwheel diameter of 20 to 51 cm. was recommended with 
the rim construction material having a diameter of 1.9 to 3.2 cm. Illustrations of these 
measures are shown in Figure 1. Pulat (1997) also recommended a handwheel diameter 
of 17.8 to 52 cm. with rim construction material having a diameter o f 1.9 to 5.0 cm. 
Pulat (1997) also included the recommendation of resistance on such wheels be between 
23.53 and 235.36 N of force. These recommended forces are far below the actual forces 
required by Jackson et al. (1992) and Parks and Schulze (1998).
Figure 1 Handwheel Front and Side View Illustrating the Rim Construction Material
In order to fill the gap in research literature on two-handed handwheel operation, 
two experiments were conducted to address the relevant issues. The first experiment 
examined the effects of height o f the exertion, orientation of the exertion and types o f 
handwheels used. The effect of height below knee height and above shoulder height 
had not been examined in two-handed exertion research, though studies seem to find no
Rim
Front View Side View
4
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difference between heights ranging from shoulder height to knee height (Wood et al.. 
2000). A key issue is that shoulder height placements have limited applications in 
target industries and with large handwheels. In addition, orientation of the handwheel in 
the vertical or sideways planes had not been studied for two-handed exertions. Due to 
the large number o f valves observed with their handwheels in the vertical plane in order 
to conserve space (Rice, 1999), the optimal orientation based on human torque 
consideration needed to be evaluated. The type of handwheel utilized for exertion was 
also a salient issue. The characteristics of a handwheel that provide for the best human- 
tool interface and optimize effort produced by the user were of great interest.
A second experiment was then conducted to study the effects of leather gloves, 
cotton gloves with plastic dotting and the use of no glove on torque generation ability 
with two different styles of handwheels. This experiment was done to further examine 
the effects of gloves on torque generation in two-handed exertions where the research is 
lacking. The research also sought to further examine differences between to o f the 
handwheels that was found in the first experiment.
More succinctly, the objectives of this research were:
• To fill the gaps in current literature about two-handed torque exertions.
• To design a custom handwheel based upon the findings in current literature that will 
meet the optimal specifications described there.
• To determine the effects of height o f exertion, orientation of the handwheel and type 
of handwheel on two-handed torque exertion in order to make recommendations for 
this activity.
5
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• To determine the anthropometric and strength characteristics o f  the subject groups 
and develop a database o f these measures.
• To develop a predictive equation for two-handed torque exertion.
• To determine the effects o f gloves commonly used in the oil and gas industry on 
two-handed torque generation capability.
6
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Chapter Two: Review of Literature
A review o f literature on human torque exertion strictly examining the case o f two- 
handed exertions would be quite short due to limited research in this area. The majority 
o f research in the area o f human torque exertion has been done with regard to hand tools 
and small handwheels, as is reflected in this review. The research conducted has filled 
several o f the gaps in the current literature and provides valuable information on human 
performance.
The importance o f physical factors that affect torque exertion are also included in 
this review and include the use of gloves, the effect of handle size and shape, and 
human strength. It will be seen that these are all very important factors in determining 
what torque can be exerted in specific circumstances.
2.1 Isometric Strength
Strength is commonly defined as the quality of being strong or having power. 
There are two commonly used classifications o f strength that can be used to describe 
how strong muscles are for different types o f tasks or what power they have. Isotonic 
or dynamic strength is associated with the production of a constant internal muscle 
force and shortening o f the muscle fiber, producing movement and work (Chaffin and 
Andersson, 1991). Isometric strength or static strength describes a contraction in which 
the external length o f the muscle does not change (Chaffin and Andersson, 1991) or 
during which there is not significant body movement (Chaffin, 1975). There is. 
therefore, no movement or work. Isometric strength is a basic measurement o f physical 
capacity (Chaffin, 1975) and can be measured with less error than dynamic strength. It
7
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is believed that isometric strength can provide useful data and contribute to 
understanding of work though it is not isotonic like the task (Chaffin, 1975).
Static strength has been studied by many including Chaffin et al., 1977, Asfour 
(1980), Yates et al., 1980, Garg and Badger, 1986, Kumar, 1991 and Backman et al., 
1995. Chaffin et al. (1977) summarized information on static strength as a function of 
age, height and weight. Asfour (1980) reported results o f experimental work. Yates et 
al. (1980) also reported back, shoulder and grip strength for a mixed population of nine 
male and nine female students. Garg and Badger (1986) made static measurements of 
strength in a study of asymmetrical lifting. Subjects included thirteen males who 
participated in standard measurements of torso, arm and leg strength prior to 
participating in a study of maximum acceptable weight o f lift (MA WOL). It was found 
in this study that static strength accounted for 62% o f the variance in the MAWOL. 
Kumar (1991) examined static strength in a study of arm lift strength at different 
reaches and angles from the sagittal plane. Twenty males and eighteen females were 
used in the study. It was found that strength decreases with reach distance and angle 
from the sagittal plane. Backman et al., (1995) completed the most extensive review of 
strength listed here. Static strength measurements were made on sixty-three male and 
female Swedish citizens between the ages of seventeen and seventy. Measurement was 
made o f flexors or extensors o f the elbow, knee, ankle, shoulder, hip, and wrist. It was 
found that strength was greatest between seventeen and eighteen years of age and 
remained fairly constant until the age of forty. The strengths reported from all of these 
studies are summarized in Table 1.
8
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Three of the studies reviewed in Chapter 2.2 also included static strength 
measurements. Mital and Sanghavi (1986) made measurements o f isometric arm and 
shoulder strength and found that shoulder strength correlated with a correlation 
coefficient of 0.26 for males and 0.23 for females with torque exertion. Woldstad et al. 
(1995) found Pearson correlation coefficients o f 0.78 between arm strength and the six- 
second average torque and 0.74 between arm strength and the ramp to maximum torque 
measurement. Grip strength showed similar correlations of 0.74 and 0.80, respectively. 
Woldstad (1992) found correlations greater than 0.728 between arm strength and three 
measurement techniques and greater than 0.75 between grip strength and the three 
measurement techniques used. The strengths reported from all of these studies are 
summarized in Table 1.
Table 1 Isometric Strengths (Male/Female) (N)
Torso Arm Composite Shoulder Grip
Chaffin et al. (1977) 691/468 430/ 286 1098/674
Yates et al. (1980) 421/264
Mital and Sanghavi 
(1986)
329/166 439/202




Woldstad et al. (1992) 
and (1995)
573/353 340/195 938/527 509/ 303
Backman et al. (1995) 135/83 480/309
Asfour (1980) 1077.60 404.79 1361.60 555.14
Based on the ease o f data collection and improved accuracy of the isometric
measure, several procedures have been developed for making isometric measurements.
Chaffin (1975) outlined a commonly reference procedure. The procedure required an
environment with minimal emotional influences and objective directions to the subject
to increase the exertion to the subject’s maximum in one to four seconds and hold the
9
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exertion for four seconds. An average o f three seconds is then recorded as the datum. 
Subjects should then be given positive information about their general performance. 
Two minutes o f rest between exertions was also recommended (Chaffin, 1975). Other 
common procedures for measurement include a ramping up o f strength over three 
seconds to the subject’s maximum effort and a three-second average of the third 
through fifth seconds of a six-second exertion.
Based on twenty-five years o f  research using the procedure Chaffin outlined, 
data was collected on human strength and used in the development of the Static 
Strength Prediction Program (SSPP). The model provides a biomechanical analysis of a 
given posture based on the concept that for each joint there is an internally generated 
moment equal to or beyond which the joint cannot function properly. The 3D SSPP 
software provides a biomechanical analysis that defines what percentage o f the 
population have a internally generated joint moment equal to or greater than that 
moment generated by the load in the given posture. In addition, a detailed analysis of 
the compressive force at the joint o f the fifth lumbar and first sacral vertebrae is 
compared to the National Institute for Occupational Safety and Health (NIOSH) (1981) 
recommendations (3DSSPP, 1998).
2.2 Human Torque Generation
Torque, generally speaking, is force applied across a distance, usually resulting 
in a reduction o f the effort required by the worker. In the specific case of two-handed 
rotation, torque is defined as the product o f shear force by lever arm (Pheasant and 
O'Neill, 1975). Shear force is then defined as the product o f total normal grip force by 
friction coefficient (Shih and Wang, 1997a). The grip force is defined as the sum of the
10
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force components exerted normal to the object where the torque is applied. The hand 
gripping the handle or work piece creates a closed system of forces and the opposition 
o f forces exerted by the fingers and palm creates a compressive or grip force (Pheasant 
and O'Neill, 1975). The friction coefficient between gloves and handles is affected by 
the characteristics of gloves and handle surface (Shih and Wang, 1997a). Finally, the 
lever arm is the distance over which the force is applied, and is a function o f the device 
being used to apply the torque. It can be seen then, that the variables used to 
manipulate torque are the length of the lever arm, the coefficient of friction between the 
hand and the lever and the human exertion. In order to make a system involving the 
exertion of torque as efficient as possible, it is important to know how much torque can 
be exerted by humans (Mital and Sanghavi, 1986). It is also important to understand 
what type of torque is required. Drury (1980) points out that torque exertions are based 
on wrist postures that define the motion used in producing the torque. These postures 
can be classified as pronation/supination, which is rotation about the long axis of the 
arm, extension/flexion, which is rotation about the wrist joint, and radial/ulnar 
deviation, which is angular deviation of the wrist.
Several studies have looked at human torque performance, all addressing 
different types of human - machine interfaces. The amount of torque generated has 
been found to vary as much as the interface type does. While there is a body of 
literature on human torque generation, it is primarily related to the use o f handwheels of 
small diameters and hand tools. Shih et al. (1997) points out that operating a 
screwdriver or hand tool in the frontal plane involves mainly wrist and forearm 
supination and pronation whereas operating a valve handwheel clockwise and
11
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counterclockwise in the transverse plane involves mainly wrist ulnar and radial 
deviations. This makes the information gained in studies of hand tools questionable in 
application to the handwheel task. Relevant literature only includes few studies 
(Woldstad et al., 1992, McMulkin et al., 1993, and Woldstad et al., 1995) o f single hand 
exertions using handwheels of large size and fewer studies (Schulze et al., 1997 and 
Wood et al, 2000) of two-handed exertions using handwheels of large size. The need for 
the proposed research is therefore quite clear.
2.2.1 Torque Exertion Based on Hand Tool Studies
The research on torque exertion using hand tools has addressed variables 
including type o f tool, posture, wrist orientation, height of torque application, and reach 
(Huston et al., 1984, Mital, 1986, Mital and Sanghavi, 1986, and Mital and 
Channaveeraiah, 1988). Huston et al. (1984) performed an investigation o f type o f tool, 
height of application, posture, reach, and tool angle on maximum volitional torque 
exertion (MVTE). MVTE is the maximum torque a person will voluntarily exert. Ten 
male subjects completed 792 isometric torque exertions following the procedures for 
strength measurement and recording outlined by Chaffin (1975). Two screwdrivers and 
two wrenches were evaluated at eye, shoulder and elbow height with the subject sitting 
and standing. Reaches used in the study were 45.72 cm., 58.42 cm., and 71.12 cm. 
sitting and 30.48 cm., 45.72 cm. and 58.42 cm. standing. Tool orientations used in the 
study were 15-degree variations from the vertical plane for a total of 11 angles. 
Maximum volitional torque was measured by four strain gages. Analysis o f Variance 
(ANOVA) was initially conducted with all first and second order interactions with 
blocking by subject. Interactions not significant at 10% or less were pooled in the error
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term for the reported ANOVA. Interactions pooled with the error term were not 
reported. The second ANOVA showed significance for all main effects and interactions 
o f  posture and tool, posture and angle, height and tool, tool and reach, tool and angle, 
and posture, tool and angle. Maximum average torque was seen with the crescent 
wrench (28.90 Nm, ct = 112.45) followed by the spanner wrench (12.67 Nm, cr = 5.06), 
the small handled screwdriver (2.60 Nm, ct = 0.75) and large handled screwdriver (2.38 
Nm, cr = 0.67). Higher torques wrere seen in the standing posture (13.68 Nm, cr = 
14.60) versus sitting (9.63 Nm, a  = 10.14). Higher torques were also seen closer to the 
subject (14.721 Nm, <r = 15.77) than at maximal reach (12.77 Nm, <r = 13.47). Angle 
and height o f application levels were not practically different. Posture and reach 
effects were significant with no interaction. The authors concluded that torque was 
strongly influenced by the type of tool, posture and reach.
Mital (1986) investigated some of the same variables as Huston et al. (1984) and 
included the effect of gender. Specifically, Mital (1986) examined gender, tool type 
and body posture effects on torque exertion. Thirty-six males and fourteen females 
applied maximum volitional torques in twenty-one different postures using nine 
different tools. The postures used were variations on standing, kneeling, squatting and 
lying down with tools oriented along different planes. The tools used in the evaluation 
were four lengths of screwdrivers and five types of wrenches. Measurements were 
made and recorded in accordance with the isometric procedure outlined by Chaffin 
(1975). Analysis of variance indicated all main effects were significant (p = 0.01) as 
was the tool and posture interaction. Across all ranges o f postures, the average torques 
for males spanned between 2.99 Nm and 3.96 Nm with screwdrivers and 27.54 Nm and
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38.00 Nm with wrenches. For females, the corresponding torques were 1.95 Nm to 
2.94 Nm and 16.2 Nm to 26.18 Nm. Females generated 34% less torque than males by 
comparison. The effect of tool was clear and indicated that greater torques were exerted 
with wrenches compared to screwdrivers. With regard to the effect of posture, the 
author noted that “the ranges o f peak torque are small and even though the posture 
effect is statistically very significant, torque values do not change appreciably unless the 
body assumes extreme postures.” The author then found it reasonable to conclude that 
minor variations in body postures have no influence on peak torque exertion. It was 
suggested that in extreme postures the postural effect on torque would be small and that 
postural discomfort would be a more prevailing issue during longer exertions. These 
conclusions are o f interest as the mean torque for the different postures, when using a 
wrench, varied between 27.54 and 38 N for males and 16.2 to 26.18 N for females, 
which should be considered appreciably different. The author’s conclusions might have 
been influenced by the results of the posture interaction with type of tool, but no 
discussion of this interaction was included in the publication. Nor was there a 
definition of the term extreme posture that the author uses to marginalize what appears 
to be a great deal of the data.
Mital and Sanghavi (1986) also investigated torque production with hand tools 
studying the effect o f gender, type of tool, height o f torque application, posture, reach, 
tool orientation, anthropometric variables and isometric strengths. Thirty male and 
twenty-five female subjects participated in the study o f  540 isometric trials. The tools 
compared were two lengths of screwdrivers and three types o f wrenches. Heights of 
torque application were the eye, shoulder, and elbow. Postures evaluated were sitting
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and standing, each with reaches of 45.7 cm., 58.4 cm., and 71.1 cm. Tool orientations 
were 15, 45 and 75 degrees from the vertical axis in the direction of dominant and non­
dominant hand for a total o f six orientations. Maximum volitional torque was measured 
by four strain gages. Analysis of the data by randomized complete block factorial with 
blocking by subject indicated significance for all main effects (p = 0.01). It was not 
indicated if any of the interactions were significant in this analysis. Due to the 
significance of gender variable, separate analyses were conducted based on gender. 
Subsequent analyses considered only the first and second order interactions and pooled 
higher order interactions with the error term. It was found that females generated 66% 
o f the torque of males. Males generated an average of 12.27 Nm and 18.74 Nm of 
torque for screwdrivers and wrenches, respectively. All main effects for the separate 
ANOVAs were again found significant for both genders. Interactions of posture and 
height of application, posture and type of tool, posture and tool orientation, height of 
application and type of tool, type of tool and reach, type of tool and tool orientation, 
type of tool and posture, type o f tool and height o f application were all also significant. 
The authors made no comment on these interactions. Tool differences were seen as in 
the previous study with better average torque for wrenches (23.78 Nm and 21.02 Nm) 
and for larger handles among screwdrivers (3.16 Nm). Average maximum torques 
across all trials were 18.55 Nm for males and 12.33 Nm for females. Height o f 
application was statistically significant with best performance at eye height (15.98 Nm) 
followed by elbow height (15.89 Nm) and shoulder height (15.39 Nm), but the 
differences were concluded by the authors to be o f no practical value. Postural effects 
were similar to those reported previously with greater mean torque in the standing
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position (17.56 Nm and 14.01 Nm) and decreased mean torque with increased reach 
distance (18.65 Nm and 13.22 Nm). Greater torques were seen standing with wrenches 
and sitting with screwdrivers. The superior performance when standing was attributed 
to the role o f the shoulder and torso in providing leverage when standing but does not 
explain the greater torque with screwdrivers when sitting. Better performance with the 
screwdrivers when sitting was due to the limiting effect of the standing posture on wrist 
and arm orientations. Differences in tool orientation were found not to be practically 
different. Maximum torque was at a 75-degree angle from the vertical and toward the 
dominant hand. The only torque value significantly different from other orientations 
was the smallest reported torque, at 75 degrees from the vertical and toward the non­
dominant hand. A second ANOVA was conducted by gathering all interactions that 
were not significant at the 10% or lower level and pooling them into the error term. 
Based on this analysis, posture and reach effects were significant at the 0.001 level as 
were interactions for posture and height o f application, posture and tool orientation, and 
type of tool and tool orientation. The investigators dismissed these interactions as 
meaningless. Correlation analysis for strength measurements were also performed and 
indicated strong correlation between type o f tool and subject and weak correlation 
between torque and posture, torque and reach, and shoulder strength and torque. Based 
on this analysis it was concluded that the type of tool used and shoulder strength were 
the two most important variables in describing the worker hand tool system.
Mital and Channaveeraiah (1988) repeated the work of Huston et al. (1984) in a 
modified form. In the Mital and Channaveeraiah investigation, the number o f postures 
was greatly expanded and the height o f application was integrated into the posture
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variable. The angle of orientation was removed, presumably because it was found to be 
irrelevant in the previous study. Mital and Channaveeraiah investigated torque 
production with hand tools, this time looking at the effect o f gender, tool, grip shape, 
and wrist orientation. Fifteen male and female subjects participated in an isometric 
evaluation o f eight manufacturer-provided tools with triangular, circular, and square 
grips in combination with seven wrist positions at 30-degree intervals from the vertical 
plane. The tools used were four screwdrivers and four wrenches. Specific to the case of 
wrenches, the orientation was indicated by the angle o f the long axis o f the tool from 
the horizontal plane in a plane parallel to the frontal plane. In the case o f screwdrivers 
the orientation was indicated by the rotation of the wrist, and shown by the position of 
the thumb and fingers from the neutral position. Subjects exerted torques at eye level 
and stood 33 cm. from the fixture to use the wrenches and sat 46 cm. from the fixture to 
use the screwdrivers. Subjects built up to their maximum torque slowly over three 
seconds and held the exertion for one second, at which time the maximum torque was 
measured by four strain gauges. Preliminary analysis indicated that females generated 
67% of the average male torque o f  17 Nm with wrenches and 85% o f the average male 
torque o f 2.8 Nm with screwdrivers. Separate ANOVAs were conducted for wrenches 
and screwdrivers and Newman Keuls test was used for post hoc analysis. All main 
effects were significant (p = 0.05) for wrenches and screwdrivers. The interaction of 
type of tool and wrist orientation was significant for wrenches. Similarly, type of tool 
and grip shape interacted significantly for screwdrivers, though it was stated by the 
authors to be o f little importance and referred to an explanation in Mital (1986) and 
Mital and Sanghavi (1986). Neither of these papers in fact discusses the interaction.
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The tool effect indicated that wrenches allowed for the generation of 14 Nm more 
torque than screwdrivers. This is inherent to the design o f the wrench, which provides a 
longer lever arm for the magnification of force. Grip shape was also significant and it 
was found that for wrenches, torque generated with a circular grip improved by an 
average of 16% over the manufacturer-provided shape. Triangular and square shapes 
were an improvement over the original shape to a lesser extent and were not 
significantly different from each other (p > 0.05). The exceptional performance of the 
cylindrical handle was contrary to the work o f Cochran and Riley (1986) on handle 
shapes, which indicated better performance for rectangular shapes. Screwdrivers with 
triangular handles were found to improve torque 22% over the manufacturer-provided 
handle. Square and circular shapes were an improvement over the manufacturer- 
provided shape to a lesser extent and were not significantly different from each other. 
This was consistent with Cochran and Riley (1986). Orientation was found in both 
genders to have allowed for the greatest generation o f torque in the 0-degree wrist 
orientation for wrenches and -90 degree orientation for screwdrivers. Minimal torque 
for all type o f tools was seen at a 90-degree orientation. Specifically, 70% more torque 
was exerted when wrenches were in the horizontal position compared to the vertical.
The use of screwdrivers was maximal at -90 degree orientation from the vertical with no 
difference between 0 and 90 degree orientations. These results were consistent with 
practical experience o f wrench use, which indicates it is easier to push away than up, 
when the point of rotation is above the shoulder and use of screwdriver is easier when 
the weight of the body can be used.
18
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Comparison of these studies, summarized in Tables 2 through 6, make several 
points about the use of hand tools. First, Table 2 indicates that torque generation is 
greater with wrenches of various types as compared to screwdrivers o f various types. 
The differences are due primarily to the lever arm provided by these different tools. 
This table represents averages across taken across four trials for different types of hand 
tools with some similarities and some differences in the tools evaluated. Standard 
deviations are provided as available.
Table 2 Comparison of Mean Torque Generated with Different Hand Tools (Nm)





















1.8 cm. dia., 
24 cm. long
3.2 1.18
2.3 cm. dia., 
18 cm. long
2.35 0.98 2.6
2.8 cm. dia., 
24 cm. long
2.6
2.9 cm. dia., 
15.2 cm. long
2.76
3.0 cm. dia., 
25.3 cm. long
4.12 1.58 2.6
3.5 cm. dia., 
5.1 cm. long
4.48 1.68 2.5
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11.43 cm. spanner 12.31 4.94
17 cm. vice grip 25.34
19 cm. vice grip 21.02
23 cm. spanner 33.58 12.54 11.7
23 cm. socket 40.06 13.61 14.6
24 cm. pipe 39.57 13.92 15.1
24.1 cm. socket 28.02
25.4 cm. crescent 28.25 12.17
25.4 cm. socket
25.4 cm. spanner 23.37
26 cm. crescent 3 0.3 12.01 13.8
Table 3 indicates that a standing posture allows for the generation o f greater
forces when considering the average of four trials made in a given posture. It should be 
noted that in a sitting posture greater torque can be generated with a screwdriver as 
compared to a wrench, though these torques were much smaller than those created with 
wTenches.
Table 3 Comparison o f Mean Torque Exerted in Different Postures (N m ), * Indicates 
multiple postures, NR - Not Reported















Sitting 9.41 9.91 14.01 NR 2.1-8.4 NR
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The effects o f reach are illustrated in Table 4. In these studies it can be seen that 
both wrenches and screwdrivers were considered in calculations o f the mean torque at 
each reach distance. The trend shown is that torque exertion decreases as the reach 
distance increases while both sitting and standing. The effect of posture is also seen in 
the higher values for torque exertion in standing postures versus sitting postures o f the 
same reach.
Table 4 Comparison of Mean Torque Exerted at Different Reaches (Nm)
Huston et al. 
(1984)
Mean S.D.
Mital and Sanghavi 
(1986)
Mean S.D.
33 cm. reach 
(standing)
14.38 15.41 18.65 NR
45.7 cm. reach 
(standing)
13.25 14.09 17.56 NR
58.4 cm. reach 
(standing)
12.48 13.17 16.48 NR
45.7 cm. reach 
(sitting)
10.37 1101.3 15.19 NR
58.4 cm. reach 
(sitting)
9.39 9.81 14.31 NR
71.1 cm. reach 
(sitting)
8.45 8.70 13.22 NR
NR -  Not reported
The effect of height on torque exertion reveals consistent conclusions between 
the three studies presented (Table 5). The difference in experimentation that might 
yield the difference in torque values seen is the lever arm of the hand tools used, with 
the hand tools used in Mital and Channaveeraiah (1988) providing a longer lever arm 
and therefore allowing for the generation of greater torque. It is important to note that 
the variability in torque is not large, and was 5.93 Nm in Huston et al. (1984) and 5.43 
Nm in Mital and Channaveeraiah (1988).
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Table 5 Comparison of Mean Torque Exerted at Different Heights (Nm)



















11.26 13.17 15.89 NR 73.9-108.3 7.6-6.0
Shoulder
height
11.03 12.02 15.39 NR 107.9-141.1 10.6-7.4
* Represents 2 postures NR -  Not reported
Finally, in comparing the performance of each of the tools at different 
orientations, trends can be seen. Table 6 indicates that the greatest torques are seen near 
the neutral position with the tool at zero degrees of deviation and that better angular 
torques are generated when the tool orientation is toward the dominant hand as 
compared to the non-dominant hand. It is o f interest to note that in the case of tool 
orientation, Huston et al. (1994) and Mital and Sanghavi (1986) found a narrow range 
of variation in torque exertion while Mital and Channaveeraiah (1988) found greater 
variation.
Table 6 Comparison of Mean Torque Exerted at Different Hand Tool Orientations 
(Nm)
Angle in degrees











90 non dominant 11.5 NR
75 non dominant 10.46 11.19 15.10 NR
60 non dominant 10.95 11.91 13.5 NR
45 non dominant 11.34 12.48 15.59 NR
30 non dominant 11.33 12.50 15.8 NR
15 non dominant 11.29 12.36 15.79 NR
(table con’d.)
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0 neutral 11.72 12.92 17.6 NR
15 dominant 11.79 12.91 15.98 NR
30 dominant 11.71 12.84 15.4 NR
45 dominant 11.56 12.57 16.00 NR
60 dominant 11.67 12.58 12.7 NR
75 dominant 11.44 12.53 15.98 NR
90 dominant 10.4 NR
NR -  Not reported
2.2.2 Torque Exertion Based on Small Handwheel Studies
The second type o f studies seen on human torque exertion is that of a single- 
handed exertion on a small handwheel. This is comparable to the studies o f hand tools 
in that the hand grasps the entire object and the torque lever arm is small. Shih and 
Wang (1997a) determined the influence o f the human-handwheel interface factors on 
radial/ulnar MVTE as well as investigated radial/ulnar MVTE capabilities o f operating 
valve handwheels. Twenty male and twenty female college students participated in the 
study o f four glove conditions, three heights of torque exertion, and edged and smooth 
handwheels of five diameters. The gloves evaluated were rubber, single and double 
cotton glove conditions, and the bare hand. The heights of torque application evaluated 
were elbow and shoulder height as well as overhead. Handwheels ranged from 5.5 to 
12.5 cm. in diameter. Subjects stood in front of the handwheel and exerted their MVTE 
following the isometric procedure established by Chaffin (1975) with the handwheel 
oriented in the horizontal plane. Posture was not controlled. Analysis was done by 
nested factorial design with subject nested under gender and handwheel size nested 
under shape. Blocking of the analysis was done by height of exertion. It was found that 
all main effects and first order interactions were significant at p < 0.01. Glove use
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significantly affected performance with greatest exertion for the double cotton glove 
condition using the edge-rimed handwheel. For the cylindrical handwheels, the rubber 
glove was best. The hypothesized reason for the improved performance with the double 
glove for the edged rim handwheel was that it provided the greatest reduction in 
discomfort, which may facilitate any exertion. Similarly, the rubber glove performed 
best with the smooth handle because it provided greater friction, which has been 
discussed as a primary concern in torque generation. The effect of height o f exertion 
was the same for males and females. Shoulder height provided the mean maximal 
torque (5.13 Nm) followed by the elbow (4.88 Nm) and overhead reach (4.77 Nm). It 
was reasoned that the minimal exertion in the overhead position was due to extreme 
wrist flexion during torque exertions, suggesting that poor wrist posture resulted in 
reduced torque exertion. Regarding shape, edge rimed handwheels generated 
significantly greater torque in all conditions. It was hypothesized that this was because 
an edged rim could provide a favorable grasping condition, allowing for an average of 
17% more torque in this study. Regarding diameter, the range o f sizes generating the 
greatest radial/ulnar shear force was 7.5-9.5 cm. for males and 6.5-8.0 cm. for females.
It was of interest to note that for females the greatest torque occurred at the fourth 
largest size of the handwheel for edge rimed handwheels and that the superiority of a 
larger size became less obvious as gloves become thicker. These phenomena were 
thought to be due to the smaller grasp of females based on smaller hand length as 
compared to males.
A second study was also conducted by Shih et al. in 1997 to address handwheel 
shape, grasp style, plane o f operation and direction o f operation. Subjects included
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twenty male and twenty female right handed volunteers who evaluated single-handed 
torque o f small handwheels. A torque sensor was used to record the isometric torque 
generated with six handwheels that were smooth, curved and knurled with power or 
precision grasps, in three planes, with both opening and closing motion. Subjects stood 
in front o f the handwheel and the height of application was adjusted to each subject's 
shoulder. The subject's position was adjusted so that a full grasp could be accomplished 
with the elbow straight. Subjects exerted their maximum force over a three-second 
period and the maximum value produced was recorded. Analysis by nested factorial 
design with nesting of handwheels indicated that all main effects and interactions were 
significant with the exception o f  the gender, direction of operation, shape and plane of 
operation interaction. The effect o f shape of the handwheel had interesting results. The 
smooth handwheels generated the least mean torque under all conditions (4.3 Nm., cr = 
2.11). The curved handwheel was superior to all of the shapes for the power grasp but 
not precision grasp (5.25 Nm., a  = 2.15). The knurled handwheel was superior in the 
precision grasp (5.3 Nm., ct = 2.25). There was no significant difference between 
curved and knurled handwheels when considering gender or plane of exertion. The 
MVTE in the frontal plane (4.53 Nm., ct = 1.88) was significantly less than that in the 
transverse and sagittal planes. This may have been due to a large degree of wrist 
extension required. There was no significant difference between the sagittal (5.14 Nm.. 
a  = 2.18) and transverse planes (5.18 Nm., a  = 2.41) for gender or handwheel type.
The difference between sagittal and transverse planes were however significant for 
power grasp conditions. It was concluded based on these findings that the influence of 
handwheel type was greater than that o f the operating plane. This was due to the fact
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that the curved or knurled handwheel torques, in the frontal plane, were greater than the 
smooth wheel in either of the other planes. Direction of operation was also only 
significant under the power grasping condition with greater mean torque 
counterclockwise (4.99 Nm., <r = 2.28) possibly because the power grasping generated 
52% more torque than precision grasp overall. Overall the best conditions for torque 
generation appear to have been a powered grasp o f a curved handwheel at shoulder 
height in the transverse plane.
Based on the studies reviewed here it would be recommend that a 7.5 to 8.0 cm. 
diameter curved handwheel operated counterclockwise in the transverse plane at 
shoulder height while wearing double cotton gloves be used for best torque generation. 
Intuitively, it can be seen that operating these small handwheels would be more natural 
in a counterclockwise rotation for right handed persons. Operation in the transverse 
plane is reasonable for both these small handwheel tasks as well as the large handwheel 
task studied. It would also seem best to exert the force required on a large handwheel at 
waist height where the weight of the body could be brought to bare as compared to the 
small handwheels where the shoulder height was superior. It is of interest to determine 
how the research on small handwheels compares to those of large handwheels.
2.2.3 Torque Exertion Based on Large Handwheel Studies
Finally, there are only a few studies involving large handwheeis similar to those 
used for oil and gas production valves. Some o f these studies deal with single-handed 
exertions, and others are related to two-handed exertions. Woldstad et al. (1992) 
measured the isometric strength of 125 male and female college students performing a 
one-hand handwheel turning task. Subjects used a leather glove on their right hand to
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rotate a standard railcar handwheel, which was positioned with the stem horizontally at 
a fixed height o f 76.2 cm. The standard railcar handwheel was defined as a wheel with 
a diameter o f 56 cm. made from material o f an unreported diameter with a smooth 
finish. The right foot was positioned in front o f the wheel and the left foot was 48.3 cm. 
horizontally to the left on a ladder, changing the subject’s balance. Three measurements 
were made for each handwheel turning exertion using an electronic strain gage. 
Measurements recorded included the three second average of a six second exertion, the 
peak of the six second exertion and a ramp to peak exertion. Repeated measures 
ANOVA found significant effect of measurement technique, gender and their 
interaction. It was found that handwheel turning strengths ranged from 109 Nm to 152 
Nm for males and 66 Nm to 91 Nm for females. Greater torques were seen with the 
ramp to peak measurements. Multiple regression models were then used to determine if 
standardized strength and grip measures in combination with age, height and weight 
could be used to predict handwheel-turning strength. Multiple regression indicates that 
use of the three whole body strength measurements along with grip force and gender 
were predictive o f  handwheel forces.
(1) Wheel strength = 98.39 + 0.027*Leg strength + 0.084*Arm strength +
0.107* Grip strength
The resulting equation had a sample coefficient of determination o f 0.699. The sample 
size for the development o f the equation was very lacking and should have been 
approximately 270 subjects based on standard procedures. There is no indication that 
the model was validated. All handwheel-turning strengths correlated well with whole 
body strength measures and grip force. It should be noted that while these were single-
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handed exertions, the subjects were able to pull against the ladder to the left o f  the 
handwheel to brace themselves which would not be the situation with a two-handed 
exertion and may have provided an advantage.
A similar experiment was conducted by McMulkin et al. (1993) using twelve 
males and twelve females. Subjects exerted a single-handed torque exertion on four 
different handwheel designs mounted vertically. Strength was measured using the 
isometric method of Chaffin (1975), a three-second ramp-to-maximum and an 
instantaneous peak method. A standard railcar handwheel was compared to three other 
handwheels. The first handwheel was made o f stock material 4.3 cm. in diameter o f a 
knurled cylindrical type (cylindrical). The second was 2.54 cm. in diameter o f a 
cylindrical tube with four 6.5 cm. diameter spheres attached (sphere adorned). Finally, 
the third was made of stock 4.3 cm. in diameter of a knurled cylindrical handwheel that 
was made in a zigzag shape (zigzag). Note that all o f  the custom designed handwheels 
were knurled or partially knurled which improved the coefficient o f friction between the 
hand and handwheels and potentially assisting the subjects in generating more torque. 
Subjects used a leather glove on their right hand to rotate the handwheel, which was 
positioned with the stem horizontally at a fixed height o f  76.2 cm. The right foot was 
positioned in front of the handwheel and the left foot was horizontally 48.3 cm. to the 
left on a ladder, changing the subject’s balance. A three-factor mixed subject repeated 
measure analysis was used. Significant main effects were found for gender, 
measurement technique and handwheel type at p < 0.01. Interactions of measurement 
technique and gender, handwheel type and gender and measurement technique and 
handwheel type were also significant at p < 0.02. Mean values of torque for male and
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females were 175 Nm and 108 Nm respectively. The Chaffin (1975) protocol 
measurement yielded a higher mean torque than the three-second ramp to peak with 
means of 161 Nm and 122 Nm respectively. Analysis indicated that the zigzag 
handwheel design yielded the best performance followed by the sphere-adorned 
handwheel, cylindrical handwheel and standard handwheel. The authors attributed the 
best performance of the zigzag handwheel to the near neutral wrist posture used during 
exertion. Subjects averaged torques of 95 Nm, 132 Nm, 147 Nm. and 191Nm. 
respectively, for each handwheel type; standard railcar handwheel, wheels made of 
stock material 4.3 cm. in diameter of knurled cylindrical type, 2.54 cm. in diameter of 
cylindrical tube with four 6.5 cm. diameter spheres attached, and a 4.3 cm. in diameter 
of knurled cylindrical handwheel that zigzagged.
Another approach was taken to the use o f the handwheel by Woldstad et al. 
(1995). This research established population isometric strength capabilities o f 125 male 
and female subjects generating force using a handwheel. The force generated was 
evaluated with grasps o f handwheel rim and spoke. Subjects used a leather glove on 
their right hand to rotate a standard railcar handwheel, which was positioned with the 
stem horizontally at a fixed height of 76.2 cm. The right foot was positioned in front of 
the handwheel and the left foot was horizontally 48.3 cm. to the left on a ladder, 
changing the subject’s balance. Exertion was measured based on three-second ramp-to- 
maximum and six-second exertion as prescribed by Chaffin (1975). Whole body 
isometric strength measurements for the arms, legs and torso were collected as well as 
grip force per Chaffin (1975) methods. Torques were converted to force and evaluated 
by repeated measured ANOVA using the Geisser-Greenhouse correction for
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homogeneity o f covariance. The Geisser-Greenhouse correction is a correction factor, 
which adjusts the degrees of freedom o f the F statistic for the dispersion matrix. 
Significant effects were seen for gender, measurement technique, grip type, 
measurement technique interaction with gender and grip type interaction with gender at 
p < 0.01. The gender effect indicated that female strengths were 42% of male strength. 
Significant differences between measurement methods indicated that the three-second 
ramp-to-maximum yielded greater forces than a six-second exertion. It was the author's 
opinion that this was due to the perception o f a shorter total exertion for the three- 
second ramp-to-peak. It was also found that a grip of the handwheel spokes versus the 
rim generated more force for both genders. Males generated 393 N to 614 N o f force 
and females generated 235 N to 348 N o f force. Linear regression was then used to 
determine the best equation for the prediction of force. The equations were ranked 
upon the proportion of variance accounted for by the model with one model developed 
for each measurement technique. The greatest explanation of variance was seen for the 
full model o f ten variables though variable coefficients were not reported. The sample 
coefficient o f determination for the three-second average trials was 0.755 for the full 
model and for the ramp-to-maximum trials o f 0.748. The sample size for the 
development o f the equation was insufficient and should have been approximately 300 
subjects based on standard procedures. Validation of the model was not discussed.
It can be seen from the summary Table 7 that the measurement procedure can 
have significant effect on torque exertion (McMulkin et al., 1993). The handwheels 
used and the measurement procedures were the only differences in the torque exertions
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made in these studies, yet they yield a practical difference. The agreement o f these 
three studies gives confidence as to the reliability of their measures.
Table 7 Comparison o f Large Handwheel Studies, Average Values Across all Types of 
Trials (Nm)











Isometric 3 sec ramp to 
max
3 sec average 
of 6 sec





















3 sec average 
of 6 sec
rim grip 219.91 
(S.D. 48.72) 
spoke grip 258.94 
(S.D. 59.41)
rim grip 131.38 
(S.D. 24.65) 
spoke grip 145.77 
(S.D. 37.46)
3 sec ramp to 
max
rim grip 302.96 
(S.D. 64.90) 
spoke grip 344.06 
(S.D. 68.26)
rim grip 180.37 
(S.D. 36.12) 
spoke grip 194.71 
(S.D. 46.26)
There were also a few studies that have been made of two-handed torque
exertions with large handwheels. A study was conducted by Schulze et al. in 1997 and 
reported in Wood et al. (2000) that evaluated four handwheel sizes between 17.78 and 
40.64 cm. of diameter, height of exertion and orientation of the handwheel. Results 
indicated that torque exertion increased with handwheel size, that height o f exertion was 
significant, but not practically different and that the effect of handwheel orientation was 
not significant.
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Wood et al. (2000) studied the effects of gender, wheel height and reach 
distance. Twelve men and twelve women participated in an isokinetic study of 
handwheel turning. The handwheel was 43.82 cm. in diameter with a grip diameter of 
2.78 cm. Subjects exerted their maximum effort for ten different combinations of five 
heights and two reaches. The heights used were 50.8 cm., 76.2 cm., 102 cm., 127 cm. 
and 152 cm. representing approximately knee to shoulder height. The reaches used were 
37.34 and 52.58 cm. representing the forearm-hand length o f the 5th percentile female 
and 95th percentile male respectively. Analysis of variance indicated significant effect 
for gender, height of exertion, reach and the interaction of gender and reach (p = 0.01). 
Females were found to generate 47.51% of the torque that males. The effect o f height, 
while significant in the ANOVA proved insignificant in the post hoc analysis by 
Newman-Keuls sequential range test. The authors found that the subjects generated 
approximately the same torque at the five heights investigated. The effect o f reach was 
significant but influenced by the interaction with gender. Subjects generated 
significantly greater torque for the 37.34 cm. reach. The interaction o f reach and gender 
was clarified by the use of the Newman-Keuls test that showed the effect of reach was 
significant for male torque generation but not female torque generation. It can then be 
summarized from the studies o f  Wood et al., 2000 and Schulze et al., 1997 that the 
effect the height o f the exertion is questionable and that the effect o f orientation is not 
significant.
2.3 Effects of Glove Use
Gloves are commonly used with handwheels and come in many types to provide 
workers protection against injuries that may result from slipping, or touching hot, cold,
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abrasive, corrosive or toxic material. Specific types of gloves can also be used to 
reduce the transmission of vibration energy (Mital et al., 1994). Gloves may also 
impact torque exertion. Despite the many benefits of glove use, there are also 
disadvantages. Gloves can interfere with a person's grasping ability, irritate the hand at 
seams and edges, and reduce hand movement (Mital et al., 1994). This reduction in 
motion is thought to be due to an increase in hand dimensions with thickness increasing 
eight to forty millimeters (Damon et al., 1966). The glove material may also cause 
excessive perspiration, collect toxic or slippery material, or be caught in moving 
equipment (Riley et al., 1985).
Study of these disadvantages has lead to differences in thought as to whether or 
not gloves decrease force and torque exertions. There is substantial evidence that 
suggests that with gloves, grip force and other human capabilities are impaired, 
requiring more force to be generated by the muscle for a gloved exertion than the 
equivalent barehanded exertion (Bishu et al., 1987, Batra et al., 1994). Batra et al.
(1994) concluded that the effect of glove use on grip force is consistent and indicates 
decreased strength as a function of glove material characteristics. The most salient of 
these characteristics are tenacity and thickness o f the glove. Tenacity is defined as the 
coefficient of friction between a plastic surface and the palmar face of each glove.
These characteristics tie in well with the most often reported explanation for the 
reduction in grip force. It is thought that glove use increases inter-digit distances, 
reduces inter-digital pressure and alters the feedback from the hand and fingers to the 
brain (Wang et al., 1987, Batra et al., 1994). The resultant reduction in force would 
require greater force exertion to maintain a given grasp (Cochran et al., 1986) and could
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potentially have long term fatigue effects. The use of gloves also potentially changes 
the coefficient o f friction between the hand and object, possibly reducing the friction 
(Bishu et al., 1987). It has not been clearly established in the literature whether the 
decrease in maximal grip force in gloved conditions is due to physical properties of the 
hand-glove interface or changes in the internal muscle forces o f the flexor and extensor 
muscles in the forearm. Though, it does appear that muscle forces do not change 
(Sudhakar et al., 1988).
There is also evidence that glove use may improve strength performance (Chen 
et al., 1989, Mital et al., 1994, Shih et al., 1997). Riley et al. (1985) suggests from their 
research that it is possible that superior strength performance occurs when wearing 
gloves due to a reduction in the sensation of imminent dropping o f a vertically oriented 
handle. Discussion of their experimentation also included a psychosomatic explanation. 
It is thought that perhaps subjects had a preconceived notion that a glove improves 
grasp capability, and therefore, performed better. Regardless of explanation, the effect 
of glove use is not clear.
2.3.1 Effects o f Glove Use on Grip Force
Several studies have been undertaken to address the question o f force 
degradation with gloves. The studies have used different methods o f strength 
measurement as well as different types o f gloves, providing for great experimental 
variety as well as variety in conclusions. Studies of grip force and torque exertion have 
yielded different conclusions.
Wang et al. (1987) compared the effects of three different types o f gloves on 
grip force. Five male and five female subjects used asbestos-like gloves, rubber and
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cotton gloves while exerting maximum grip force. The isometric grip force was 
measured by a dynamometer with a span of 5.0 cm. Measurements were made for 
dominant and non-dominant hands. The standard strength testing method o f Caldwell 
(1974) was used with a three-second exertion. Three-factor analysis o f variance of 
gender, glove and hand dominance indicated that gender and glove were significant at 
the 0.001 level with no difference between dominant and non-dominant hands. No 
specific information was reported about gender differences. Mean grip forces were 
significantly less in the gloved conditions than the bare handed condition. The poorest 
performance was seen with the asbestos-like glove and improvement was seen with the 
cotton and rubber gloves. Asbestos gloves reduced strength by 38% while rubber 
gloves and cotton gloves caused a reduction of 19% and 26%, respectively. The extent 
o f reduction in grip force appears to relate to glove thickness, according to the authors.
Bishu et al. (1987) investigated the same issues as Wang et al. (1987) and, at the 
same time, developed a predictive relationship between force decrement in grasping and 
gripping tasks and glove characteristics. Data for this research was gathered from 
fifteen subjects who evaluated deerskin, leather and flannel elute gloves as well as a 
barehanded condition for grip and grasp tasks. Subjects were selected to include five 
subjects representing small, medium and large glove sizes. Tenacity, snugness, 
suppleness and material thickness of the gloves were also measured for predictive 
purposes. Tenacity was defined as the coefficient of friction between a plastic surface 
and the palmar face of each glove. Snugness was defined as a measure o f  the fit o f the 
glove to the hand. Suppleness was defined as a measure of the pliability or the 
foldability of the glove. Suppleness was measured, as the weight needed to force the
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fold of the material into a piece o f double the original thickness. The grasping task 
required a seated subject to grasp the handle o f a measurement instrument with the 
dominant hand, maintaining a ninety-degree elbow angle. Isometric grip force was 
measured in a similar manner with a dynamometer set to a grip span o f 4.572 cm.
Three three-second trials were made for each exertion and the average value among the 
three trials was recorded. Mixed model analysis of variance indicated that the effect of 
the glove (p < 0.001) and task (p < 0.004) were significant. The interaction o f glove 
size and task was the only interaction found to be significant. Grip force was found to 
decline 10.89% and grasp force by 8.3% when using gloves, with no significant 
difference between gloved conditions. Comparison o f the gloves did indicate an 
insignificant but slightly greater reduction of strength with the leather and deerskin 
gloves as compared to the flannel glove. The barehanded condition was significantly 
different from the gloved conditions. Regarding the interaction of glove size and task, 
the least decrement was seen for the medium glove size grasp task and the greatest 
decrement was seen for the medium glove size grip task. This may have been due to the 
diameter of the handles used. Post hoc correlation and regression analyses indicated 
that tenacity, snugness, material thickness and suppleness were significantly correlated 
to force decrement and had the least effect on medium size gloves. It should be noted 
that the phenomena in the medium size glove may have been an artifact due to the 
anthropometry o f the user and not related to the fit o f  the glove. An equation was then 
developed for force decrement prediction and indicated that friction was the most 
important variable. Consideration should be given to the fact that all sizes o f gloves 
were measured with the dynamometer set at a grip span o f 4.572 cm. which the data
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indicates was better for the medium size and a challenge for other size hands. There 
was no mention o f what validation procedures were used for this equation.
(2) % bare hand grip force = 100 - (56.91)(tenacity) + (148.574)(material 
thickness cm3) + (0.0198)(snugness g ) - (0.0180)(suppleness mm.)
The work o f Bishu et al. (1987) was repeated and augmented in the work of 
Batra et al. (1994). Batra et al. reported that in a study of fifteen subjects, tenacity and 
thickness of gloves were important in strength determination and the size o f the glove 
was not a determinant of strength. Batra et al. found the same degradation in strength 
and same predictive equation though slightly different gloves seem to have been used 
and the dynamometer was used with a grip span of 5.0 cm. in that work. Batra et al.
(1994) added to the original study a comparison o f six gloves to a no glove condition to 
address the issue of glove thickness. The additional study included fifty-two male 
subjects who were tested for their isometric grip maximum voluntary contraction 
(MVC) while wearing leather, asbestos, rubber, cotton, open finger synthetic leather 
and surgical gloves as well as for a barehanded condition. Force was measured using a 
hand dynamometer set to a span of 5.0 cm. The maximum of three replicates was 
chosen as the peak MVC. Relative discomfort was also subjectively measured on a 
seven-point scale. One-way analysis of variance indicated that the effect o f glove was 
significant. Performance with the open finger (176.4 N) and surgical gloves (182.57 N) 
were significantly different from the other gloves (155.53 N kg. to 169.93 N) and near 
in performance to the no glove condition which was also significantly different from all 
glove conditions (189.63 N). The correlation between glove thickness and percent grip 
force reduction was significant, as was the correlation between glove thickness and
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mean discomfort rating. The authors believe that this may have been attributed to a 
change in the angle o f grasp for the middle phalanges as the glove thickness increases, 
resulting in reduced maximal grip force. The glove thickness may also influence 
feedback from the fingers. Batra et al. (1994) also agreed with Bishu et al. (1987) that 
the coefficient of friction was the glove characteristics most predictive o f grip force 
with greater friction yielding greater force.
These three studies indicated that glove use reduced the grip force generated and 
have hypothesized that the reduction is due to change in feedback from the fingers and 
differences in glove fit. Sudhakar et al. (1988) investigated the possibility that muscle 
force generated by the arm was being reduced by the use o f gloves. Specifically, an 
investigation was made o f how grip force and forearm muscle forces were affected by 
rubber and leather gloves. Six male and six female subjects exerted maximal isometric 
grip force measured by dynamometer, which was fitted with a potentiometer to monitor 
the development of grip force. Grip distance was adjusted for each subject and 
exertions were made with the elbow at a right angle. Peak and mean maximal grip 
forces were recorded as well as normalized peak and mean myoelectric (ME) activity of 
the flexor and extensor muscles in the forearm. Multiple analysis o f variance 
(MANOVA), ANOVA and Duncan’s range tests were used for analysis o f the data. 
Gender and glove types were significant variables in the MANOVA. Males exerted a 
mean o f 455.03 N (tr = 90.61) o f force and females exerted 236.63 N (ct = 40.60). Grip 
force was significantly reduced in the two gloved conditions as compared to the 
barehanded condition. ME analysis revealed no significant difference in muscle activity 
across the gloved and barehanded conditions. This indicated that subjects generated
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maximal exertions in all conditions and the observed loss of force must have occurred at 
the hand-glove interface. MANOVA of normalized grip strength and ME data 
indicated significant glove effect, but subsequent ANOVA indicated that glove type did 
not affect normalized mean and peak ME data. The loss of grip force might then have 
been related to the thickness of the glove and tenacity of material as suggested by Bishu 
et al. (1987), Wang et al. (1987), and Batra et al. (1994). It may also have been that 
slippage between the glove and object and a lack o f that perception due to the use of the 
glove were responsible for the loss of transmitted force.
It has been noted that the grip forces reported here vary greatly as summarized 
in Table 8. Note that the forces that were reported by Wang et al. (1987) seem quite 
different from the other studies. These differences may have been due to differences in 
glove thickness and tenacity not reported in these studies.
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Male 507.00 402.07 460.91
Female 265.76 215.75 225.55
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2.3.2 Effects o f Glove Use on Torque Exertion
At present, the effect of glove use on grip force seems to be detrimental. Yet the 
effect o f glove use on torque is not clear. The friction coefficient between gloves and 
handles is affected by the characteristics o f the glove and handle surface (Shih and 
Wang, 1997b). In order to maximize torque exertion for tasks that require glove use, a 
maximal grip force exertion using a glove with a large coefficient o f friction is required. 
It would also be important to consider factors previously mentioned for glove use 
including grasping ability, irritation o f the hand, reduced hand movement (Mital et al., 
1994), and increase in hand dimensions (Damon et al., 1966). Despite the potential 
negative effects o f glove use, there are studies that indicate that glove use improves 
torque exertion. It is hypothesized that glove use reduces the painful pressure on the 
hand, in turn promoting contractions o f the pronators and supinators in the forearm, and 
yielding an increase in MVTE (Shih and Wang, 1997b). Another possible explanation 
is that glove use reduces tactile sensitivity and increases effective dimensions o f the 
object to be grasped (Batra et al., 1994).
Riley, et al. (1985) considered the effect of glove thickness by observing the 
influence of a single glove and double gloves on forces generated by individuals.
Thirty male subjects participated in the study. Subjects used their dominant hand to 
exert maximum pull, push, and wrist flexion and extension torques using a slippery 
handle and no glove, one cotton glove or cotton glove under a leather glove. The 
handle was an 11 cm. circumference cylindrical plexiglass handle. Three replicates 
were made o f each exertion. Subjects stood with the elbow straight and exerted their 
maximal torques or sat for the push and pull tasks. One way ANOVA with blocking by
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subject was used for analysis. In all cases, the glove condition had significant effect on 
the exertion. Maximum force or torque was generated for the single glove, which was 
significantly different from the double glove and no glove conditions. The authors did 
not comment on the possibility that differences in the coefficient of friction between 
gloves and absorptive qualities of the glove material may have affected their results 
Wrist flexion generated a torque of 1.41 Nm and wrist extension generated 1.29 Nm. 
Subjects also judged the single glove condition most comfortable.
Cochran et al. (1988) took this topic a step further toward an industrial 
application and studied the effects o f glove use and different handle sizes on torque 
production. The study used fifteen student subjects who exerted a torque by wrist 
flexion with the arm straight at the side. Exertions were performed with deer skin, 
leather, flannel elute and no glove. Subjects performed the exertions with cylindrical 
handles o f 7 cm., 9 cm., 11 cm. and 13 cm. perimeters. A load cell was used to 
measure the torque produced. Peak torque was recorded. Glove characteristics 
including tenacity, snugness, suppleness and material thickness were objectively 
measured for each glove. These variables were measured as in Bishu et al. (1987). 
Analysis o f covariance was performed on the three variables o f glove type, hand size 
and handle size with snugness of fit as the covariate. All main effects and two-way 
interactions were significant but snugness was found to have no significant effect on 
torque. There was not a significant effect of the three-way interaction of hand size, 
glove use and handle size either. Regarding the glove, performance with the cotton 
glove indicated the lowest torque mean and the bare hand indicated the highest with the 
two leather gloves in between and not significantly different from each other. Hand
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size factors indicated that all means were significantly different with the middle size 
providing the greatest and small size providing the smallest average torque. Handle 
sizes were all significantly different with lower torques associated with smaller handles. 
It was concluded that glove type does affect the torque on different sized handles. The 
torque was directly related to the coefficient o f friction o f the glove-handle surface 
interface. This is the same conclusion reached in the analysis of results for grip force, 
as would be expected. The authors did not comment on the possibility that methods 
used created the significance of hand size and its interactions.
There are many variables and interactions that affect every task and there are 
additional variables not yet discussed that affect torque generation. Shih and Wang 
(1997b) evaluated the combined effects o f handle shape, handle size, and glove use. 
Twenty males and twenty females volunteered as subjects to evaluate two handle 
shapes, seven handle sizes and five types o f gloves. Handles were bars made o f stock 
material with either a circular or hexagonal profile and were 12 cm. in length. Handles 
were made o f metal stock with diameters of 2.54 cm., 3.18 cm., 3.81 cm., 4.45 cm.,
5.08 cm., 5.72 cm., and 6.35 cm. The gloves evaluated were surgical, single cotton, 
double cotton, leather and rubber gloves as well as the no glove condition. In this study 
the effects of friction were of special interest and were manipulated by applying STP 
engine oil of unreported weight to the handle surface. The application o f engine oil as a 
means of controlling friction was also used by Riley et al. (1985) and was reported as 
the common method used for controlling friction. This controlled friction method 
would be similar to the oil plant sites where oil and other chemicals frequently coat 
every surface. The isometric supination maximum volitional torque exertion (SMVTE)
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was measured for each subject at shoulder height and used the procedure outlined by 
Chaffin (1975). Separate analyses were conducted for oiled and unoiled handles. 
Nested factorial analyses indicated all main effects and interactions were significant (p 
< 0.0001) with the exception of the gender and shape interaction in the unoiled 
condition. In the oiled and unoiled conditions greater torques were generated for the 
hexagonal shaped handle as compared to the cylindrical shaped handle, and handle 
diameter increases lead to increased SMVTE. This may have been due to an increase in 
the grip surface of the exertion. Differences were seen between the glove performance 
in the oiled and unoiled conditions. In the oiled condition, the SMVTE was greater for 
all of the gloved conditions in comparison to the bare handed condition with a positive 
coefficient correlation of r = 0.85 between glove thickness and SMVTE. The best 
performance was for the single cotton glove, followed by double cotton glove, surgical 
glove, rubber glove, leather glove and bare hand. The mean SMVTE for the oiled 
condition was 2.2 Nm. Friction coefficient between handle surface and glove was the 
main factor affecting SMVTE under this friction condition. In contrast, for the unoiled 
condition, best performance was found for the surgical glove, followed by the rubber 
glove, the bare-handed condition, leather glove, one cotton glove, and two cotton gloves 
with a decrease in SMVTE seen with the leather and cotton gloves. The mean SMVTE 
for the unoiled condition was 4.2 Nm. Several conclusion and recommendations were 
then made. It was concluded that a minor interaction exists between gloves and handle 
shape, and recommended that hexagonal handles be used due to greater torque with 
these. Handwheels of great stock material diameter should also be used because torque 
increases with the diameter of the rim material. This has limits based on anthropometry
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and biomechanical considerations. It was not mentioned by the authors, but the 
superior performance o f the cotton glove in oiled condition may be due to their 
absorptive qualities which may prove so great an advantage as to overcome the 
detrimental effects seen with an increase in glove thickness.
Consideration was then given to the muscle forces created when exerting a 
torque. It has been shown that muscle forces did not decline when measuring isometric 
grip force (Sudhakar et al., 1988), but the issue regarding torque had not been 
addressed. Based on the information gained from literature on the effect o f glove use 
on grip force and torque, Chen et al. (1989) evaluated the effect o f glove size and 
material on task performance using ME, force and torque measures. Five subjects 
performed maximal wrist flexion torque using eight different gloves and a no glove 
condition. Gloves were made of leather which was available in two sizes, cotton which 
was available in three sizes and deerskin, also available in three sizes. Subjects first 
performed a MVC grip force task. Subjects then stood and grasped a cylinder 11cm. in 
circumference that was oriented horizontally. The subject let their right arm hang at 
their side and adjusted the height of the handle so that the handle could be grasped with 
a power grasp while keeping the arm straight at the side. Subjects performed an 
isometric maximal exertion while the maximal torque and ME activity of the flexor 
superficialis and flexor profundus were recorded. Subjective preference of glove 
material was noted. Single factor analysis of covariance with block by subject was used 
for examination o f data. Dependant variables were the percentage of the MVC grip 
force and torque. Covariants were volume difference between the subject's hand and the 
volume of the glove used as well as the other dependent variable. Torque analysis
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indicated that glove type, subject and both covariants were significant. Post hoc 
analysis by Tukey's test showed that only cotton gloves were different from the other 
conditions. The cotton glove conditions allowed for significantly less torque 
generation. The lack o f a difference between the leather and no glove conditions 
indicate that both o f these conditions offer sufficient friction and minimal interference 
with torque exertion. In a second analysis, ME values were converted to percentage 
MVC based on a calculation procedure. Analysis o f this MVC yielded no significant 
difference for the main effect o f  glove use. This study agrees with the work of 
Sudhakar et al. (1988) on grip force and indicated that muscle exertions were similar 
regardless o f the glove used. It was implied that torque performance was being reduced 
despite maximal exertion o f the musculature in the case of cotton gloves.
Mital, et al. (1994) recorded peak volitional torques and ME signals of the arm 
flexor and extensor muscles to determine what differences could be seen between 
different types of gloves. Nineteen male subjects participated in this study of nine 
gloves and seven manual hand tools. The hand tools used were three screwdrivers and 
four wrenches. The nine gloves evaluated included nylon, leather, lined rubber, leather 
and fabric, lined and textured rubber, textured rubber with reinforced lining, rubber 
without lining, leather with cotton lining, and latex. These were compared to a no glove 
condition. Subjects stood and used their dominant hand to exert torque at shoulder 
height and maximum reach distance with wrenches and with the elbow at 110 degrees 
with screwdrivers. Exertions were measured by ME methods and strain gages with 
three replicates for each o f the 70 conditions. Based on poor correlation of the torque 
and two ME signals, three independent analyses of variance were conducted. Main
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effects were significant in all cases except for the two cases of ME signal where glove 
effects were not significant. The interaction o f glove and tool was never significant. As 
expected, the type of tool used significantly affected all three of the response variables. 
The least torque was exerted with the screwdriver (73 Nm to 126 Nm) and maximal 
torque with a pipe wrench (1007 Nm to 1124 Nm). Torque was significantly higher (p 
= 0.05) in the gloved condition as compared to a no glove condition. A singular 
exception was the latex glove, which was remarkably similar to the no glove condition. 
Maximal torque was seen with the cotton lined leather glove, though Tukey's test 
showed no significant difference between the gloves based on any of the three 
measures. ME results indicated that muscle activity does not differ between glove and 
no glove conditions. This would imply that there was no loss of muscular exertion at 
the glove-hand interface, but that with the glove there was an amplification o f the 
muscular activity transmitted.
In this review of the literature on torque it can be seen that the effects of glove 
use are not clear in contrast to the literature on grip strength. The data from the 
reviewed torque studies is summarized in Table 9. Comparison of studies led to no 
conclusion or specific difference that might have been responsible for this disparity of 
outcomes and contradictions. The only conclusions were that cotton gloves provided 
maximum torque in oily conditions and the minimum torque in clean conditions. This 
may have been because in oily conditions the cotton absorbs some of the oil and 
provides for better friction, but in clean conditions there was a decrease in friction 
between the smooth cotton and the object.
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Table 9 Comparison of Glove Studies
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* Averaged across all tools usee 
trials NR- not reported
* * Combined data for oiled and unoiled handle
Despite questions that remain about the use of gloves in torque generation, and 
the information that indicates that gloves reduce grip force, gloves will continue to be 
used because o f the measure of protection they provide. The goal with regard to glove 
use then becomes to select the most appropriate type of glove and to design the job so
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as to minimize the human effort that must be provided. Many authors are quick to 
point out that there is no one best type of glove for all jobs. Characteristics o f the glove 
and the type o f material being handled will determine the best glove for the job (Hall. 
1994, United States, 1997, United States, 1999). Because there are no specific glove 
recommendations for the variety o f  tasks conducted in the production o f oil and gas 
focused on in this study, the recommendations o f the Department of Labor should be 
used as a guide. In general, the Department of Labor recommends plastic or rubber 
gloves of the type recommended by the manufacturer for use with chemicals. Leather 
gloves are recommended for handling heavy material and cotton or knit gloves are 
recommended for light lifting (United States, 1999). The 1997 Department o f Labor 
Guide fo r  Small Businesses indicated that fabric gloves protect against dirt, slivers, 
chafing and abrasions which explains their popular use in the oil production industry. 
Overall, these studies indicate that glove selection should primarily consider the 
coefficient o f friction provided by a glove and secondly consider the surface conditions 
of the object to be manipulated.
2.4 Effects of Handle Design
Handles come in various shapes and sizes in order to fit a variety o f  needs. It 
would not be practical to have a small knob for opening a door, nor a long handle for 
making fine manipulations. There are also other considerations when evaluating a 
handle. Tichauer and Gage (1977) proposed general principals for hand tool design that 
are applicable to handles in general and to this specific research question. As was 
discussed in the review of literature on gloves, tool handles should be designed to allow 
for good friction between the hand and object, and to provide adequate contact surface
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areas between skin and object. Otherwise, control over the device will be inadequate. 
McMulkin et al. (1993) echoes these recommendations and indicates that one o f the two 
limiting factors in handwheel turning appears to be the frictional characteristics of the 
handwheel surface. The second factor is the magnitude o f the grip force that can be 
generated by the subject. Tichauer and Gage (1977) continue by recommending that a 
tool handle should not be so large as to interfere with the normal movement o f fingers 
or provide less than the best gripping.
Pheasant and O'Neill (1975) explain that in gripping, the hand forms a closed 
system of forces where parts o f the fingers and palm are used by opposing each other to 
exert compressive forces on the handle.
2.4.1 Effects o f Handle Shape
The importance o f  handle shape may seem to be a tangential issue related more 
to cost and appearance than functionality. While this may be the case for some 
products, handles used in the transmission of great forces must be designed to a user's 
greatest benefit. In line with this approach, the United States Air Force has investigated 
different types of handles for use in aircraft (Garrett et al., 1967). That study conducted 
an isometric evaluation o f four types o f handles at the Aeronautical Medical Research 
Laboratories with regard to the maximal force that could be resisted and for what time 
periods. The handles used were a 2.54 cm. diameter two-hand T shape, 2.54 cm. 
diameter two-handed twin handles, D ring of 0.79 cm. diameter steel and Gemini loop 
of flexible metal core wire. The twin handles were two metal rods each attached to a 
center mount by separate loops of wire passing through the axially bored rods. The 
handle looks similar to two triangles standing on the others apex. The D ring was a
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triangular shape o f  tubing with rounded comers. The Gemini loop was a loop of wire 
with both ends entering the same side of a clasp.
Nine subjects participated in the study and were seated and given leather 
gloves. The handles were attached to a shaft mounted at the level o f the seat. The shaft 
was positioned at such a distance from the seat that subjects could reach the handle with 
their elbows straightened. Subjects were told to pull up on the handle as long as 
possible or for a maximum of thirty seconds. Successive force loads were applied 
beginning at 222.32 N or 444.83 N, increasing in 111.21 N. increments until the subject 
was unable to hold the handle up. Record was made o f the force that the subject could 
hold up using the handle for 1, 5, and 30 seconds. The T bar and twin handles were 
comparable though the T bar performed slightly better. The T bar and twin handles 
were superior to the D ring and Gemini loop. The lower forces seen with the D ring and 
Gemini handle were attributed to pain associated with the thinner diameter of these 
handle's construction materials. Force retention for thirty seconds ranged from 1556.87 
N to 1312.22 N, for five seconds from 1423.43 N to 1979.45 N and for one second from 
2068.42 N to the maximal o f 2224.11 N. It should be noted that these exertions were 
made in a seated posture and were made by a subject group o f the most fit personnel in 
the military.
Fothergill et al. (1992) chose to study handle shape in combination with height 
o f torque application. Subjects in this study tested one hand maximal pulling exertions 
on four different handles placed 100 cm. and 175 cm. above the ground. Handles used 
for data collection included a long thin arch that the fingers wrapped around, two round 
knobs and a cylindrical steel bar. Sixteen females and fourteen males that were students
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and staff members participated in the study. Subject's grip force was measured by 
dynamometer adjusted for each subject’s comfort. Subjects then made maximal 
isometric efforts of horizontal pull strength on each handle at the two heights o f force 
application. Peak and mean force were recorded. A two-way repeated ANOVA was 
used for analysis and indicated that pulling force was significantly affected by both 
handle shape and handle height. Pull force was maximal for the long arch at 302 N (ct = 
109), followed by the cylindrical bar at 299 N (ct = 104), and two knobs at 197 N (ct = 
72) and 97 N (ct = 23). Forces were also greater at 100 cm. with an average force o f 
223.75 N, versus 140.75 N at 175 cm. This was expected, as 100 cm. is closer to the 
knuckle and waist height as compared to nearly eye height. There was significant 
interaction between handle shape and handle height. Average pulling strength was 
reduced by 37% when moved from 100 cm. to 175 cm. above the ground, though 
interaction between the two variables indicates that handle shapes were not equally 
affected by changes in height o f force application. The authors concluded that the 
hand-handle interface was the weak link in force transmission between the human and 
external object. This was the same conclusion reached in the review o f glove use.
It is obvious that the data from these two studies are not comparable. The study 
by Fothergill et al. (1992) was a study of small handles, vertically oriented, for 
manipulation primarily by muscles of one arm. Garrett et al. (1967) used handles that 
were vertically operated and were manipulated by a more whole body approach 
including the use of two hands and bracing with the legs. This serves to underscore the 
differences in handles and their suitability for a specific task.
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2.4.2 Effects o f  Handle Size
The size o f handles is of importance as previously (Pheasant and O'Neill, 1975 
and Tichauer and Gage, 1977) discussed. In fact, consistent results concluded that the 
greater the handle size, the greater the extension/flexion or pronation/supination 
maximum volitional torque exertion regardless o f the type of handle evaluated (Shih 
and Wang, 1997a). The work of Replogle (1983) supports this finding, with some 
limitation. The theoretical nature of Replogle's work makes it a basis for comparison of 
different studies and therefore is discussed first. Replogle (1983) derived an analytical 
model for the maximum pronation/supination torque that can be developed before the 
hand slips. The model was based on a mathematical derivation that indicated that 
torque increases as the square o f the handle diameter up to the point where the finger 
and palm just touch without overlapping, known as the grip span diameter, 
approximately 2.5 cm. For larger diameters the torque continues to increase at a 
decreasing rate and reaches a maximum when the diameter was approximately 5.0 cm. 
The maximum torque was approximately 1.5 times the torque obtainable at the grip 
span diameter. The model proposed that the total compressive grip force was 
proportional to the area of force application. It would then follow that as grip area was 
proportional to the diameter o f the object gripped; the total grip force was proportional 
to the diameter. The proposed model also addressed the issue of handles with a diameter 
greater than the grip span. Replogle (1983) explained that the torque generated with 
large handles does not follow the rule o f the square of the handle diameter due to the 
uneven distribution of force caused by an incomplete grip. The hand was unable to 
completely surround the handle and the forces generated by the hand were not able to
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work in opposition to each other. Validation o f the models was done with a group o f 
twenty subjects. Ten males and ten females exerted their maximum isometric torques 
on eleven smooth phenoic fiber cylinders ranging in diameter from 0.95 cm. to 8.89 cm. 
Maximum torque and grip-span diameter were recorded for each subject. As expected, 
torque increased as the square o f the diameter up to the grip-span diameter and then 
increased slowly until reaching a maximum at twice the grip span diameter at a near 
plateau level. Based on a small male-female difference in grip diameters in this 
population and the large range of diameters where maximum torque can be exerted, the 
author suggested that the same handle could be used by males and females to develop 
maximum torque. The conclusion of this model was that a handle with a diameter o f
5.0 cm. within a variance o f 20 % was the best size.
While Replogle (1983) based the models presented in that study on 
mathematical derivation, Ayoub and Lo Presti (1971) sought to determine the 
“optimum” cylindrical handle size using ME analysis of a dynamic task. “Optimum” 
size, for this study was defined as the handle that would result in the maximum ratio 
between the grip force and the ME activity of the flexor and extensor muscles and 
provide the longest work period before the onset o f fatigue. Subjects tested four 
handles o f 3.175 cm., 3.81 cm., 5.08 cm., and 6.35 cm. in diameter, under three weight 
levels o f 1.134 kg., 2.268 kg. and 3.402 kg. Male subjects were seated in an adjustable 
seat and grasped a handle with their dominant hand. Using a power grip, subjects 
pulled the handle straight down and maintained the pull for three seconds. Five pulls 
were completed. The experimental setup was then modified and the subject held a pull 
on the setup with 3.402 kg. weight in opposition. This pull was held until the ME
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display indicated fatigue as increased muscle activity and synchronization. Analyses of 
this completely randomized block design indicated that handle size and weight lifted 
were significant. Review of the data on the handles showed that the 6.35 cm. diameter 
required the least muscular activity. Muscle force required generally increased with a 
decrease in handle diameter for the 1.134 kg. and 3.402 kg. conditions. The 2.268 kg. 
condition indicated a nearly linear and mildly increasing muscle force requirement as 
diameter increased. Weight lifted was significant as would have been expected for any 
exertion. This prompted the authors to suggest that handle size was a function of the 
task. Analysis o f the ME data indicated nearly the same muscular activity for the range 
of handles, as was seen in previous gripping studies (Sudhakar et al., 1988 and Chen et 
al., 1989). No comment was made as to the significance of the interaction between 
handle size and weight though the interaction was included in the statistical model. The 
authors concluded that the 3.81 cm. diameter handle would be the best for use. based on 
its ratio of grip force to ME activity.
Saran (1973) also used ME analysis to study the effect o f handle size. Saran 
studied three independent variables including handle diameter, shaft angle and period of 
ME signal sampling (beginning, middle or end o f exertion). Handles with diameters of 
3.175 cm., 2.54 cm. and 1.905 cm. and shaft angles of 90, 75 and 60 degrees were 
evaluated and the muscular force measured by strain gauges. ME activity was sampled 
at the beginning, middle or end of the exertion. Twelve female subjects participated in 
the study. Subjects were seated and the elbow was restricted to a 100-degree angle. 
Subjects then performed an isometric pronation/supination task against a torque of 1.2 
Nm. Measurement was made of angular displacement, period, mean integrated
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electromyographic (IEMG) signal height for pronator teres muscle o f the forearm, mean 
IEMG signal height of biceps brachii, angular velocity, percentage rise in mean IEMG 
signal height over the exertion, percentage rise in mean IEMG signal height over the 
exertion for biceps brachii and total muscular activity. Subjects also ranked the nine 
handles on an 8-point scale in order o f their ease of handling. Subjective ranking 
indicated a preference for the 60-degree angle and 2.54 cm. diameter handle. 
Regrettably, the pattern of the values for the dependent variables showed no trend for 
angle or handle diameter. Based on this result the author concluded that within the 
given range o f angles and diameters all combinations were equally satisfactory. The 
results found here may have been a result of the relatively small handle diameters used. 
It was shown in the two studies previously reviewed that the greatest torque occurs at a 
diameter in the range of 5.0 cm. with a variance of 20%. The diameters used here were 
much smaller than this value and were certainly affected by the type o f grip used for 
such small diameters. This study would then support the conclusions o f the previous 
two studies.
Yet another investigation o f the effect of handle diameter was made based on 
ME activity performance. Khalil (1973) investigated the effect o f  handle size on torque 
while validating a new technique for evaluating industrial designs. The total integrated 
muscular activity (TIMA) method that was developed is based on ME recording of 
muscle action potentials. Khalil evaluated different handles for a torque wrench using 
the TIMA method to determine the best handle size. Cylinders with 3.175 cm., 5.08 
cm., and 6.985 cm. diameters were compared to a spherical handle o f 5.08 cm. diameter 
and an elliptical handle 5.08 cm. long and 3.175 cm. wide. Five subjects applied torque
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equivalent to 20.34 Nm, 40.68 Nm and 61.02 Nm with the elbow at a ninety-degree 
angle. Subjects were seated and assumed the required posture, maintaining the required 
isometric exertion for a fixed period of time. Calculation of mean total integrated ME 
signal indicated that handle type had a significant effect on the total effort. The 
minimal muscular effort was required for the cylindrical handle o f 3.175 cm. diameter. 
Note that this diameter was the same as the greatest diameter used by Saran (1973) 
where no significant differences were found for handle size. The better performance 
was seen at a diameter o f 3.175 cm. as compared to 5.08 cm. contradicting the work of 
Replogle (1983).
Analysis o f the effect of handle size using other methods has also been pursued. 
Drury (1980) reported an example of a fatigue-based test. Research on the effect o f 
handles in materials handling was conducted by Salvaterra and Chiusano (1978) and 
though not previously published, was reported here by Drury. The research conducted 
included twelve male subjects who made subjective ratings of fourteen handle 
diameters between 0.95 cm. and 5.08 cm. Measurement was also made o f  the reduction 
of grip force after an isometric task of holding a 15 kg. load by each handle for one 
minute. Analysis o f variance indicated that handle diameter significantly affected 
subjective ratings (p = 0.01) but not grip force (p = 0.10). The greatest perceived 
comfort was found between 3.1 cm. and 3.8 cm. diameter.
It appears that there are differences in the recommendations presented here but 
the basis of these studies, in conjunction with their results yield a set o f  conclusions.
The results of all five studies are summarized in Table 10. The study by Replogle 
(1983) was based upon derivation o f the best diameter from the equations that define
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torque. As reality rarely mimics science exactly, it is fair to consider some departure 
from this derived value. From another research perspective, the work o f Saran (1973) 
was inconclusive as to a best size for the range o f handle diameters tested and by default 
it has been assumed there was no difference in handle diameter in this range. The three 
remaining studies all recommend handle diameters within the same range and indicate 
that a true best diameter was probably between 3.2 cm. and 3.8 cm. These differences in 
recommendations may have been due to the material that was grasped or a variety of 
other environmental factors.
Table 10 Comparison o f Recommended Handle Diameters (cm.) and the Forces Used 
in these Analyses (kg.)
Study Method of 
Research











None 0.950 - 8.890 5.0+/- 1.0








Drury (1980) Holding Task 15 held 0.950 - 5.080 3.45+/-0.35
Khalil (1973) ME 6.80, 13.61,20.41 
resisted
3.175-6.985 3.18
Saran (1973) ME 1.17 Nm resisted 1.955 -3.175 None
2.4.3 Effects of Handle Shape and Size Interaction
Based on this background on handle shape and size it was o f interest to 
investigate possible interactions of these two important variables. Pheasant and O'Neill 
(1975) compared smooth and rough steel cylinders with screwdrivers that varied in 
handle size, shape and characteristics. Twenty-five subjects exerted maximal isometric 
steady voluntary supination torque on a set o f cylindrical handles from 1 cm. to 7 cm. in 
diameter. Measurement o f the torque generated was made at the moment o f slippage by
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a lever and load cell. Data was normalized for each subject and plotted. An obvious 
relationship was seen with the torque increasing rapidly as the handles increased from 1 
cm. to 5 cm. o f diameter. At diameters greater than 5 cm. the torque increased at a 
slower rate. A statistical analysis to determine significant differences would have 
allowed for a clear demarcation between groups o f handles. This supports the research 
o f Replogle (1983).
In another experiment in this series, fifteen subjects tested seven smooth 
cylinders, four knurled cylinders, thirteen screwdrivers o f various profiles, and a T bar 
handle oriented horizontally. In this experiment the torque curve again indicated a rapid 
increase in torque from 1 cm. to 5 cm. of handle diameter and then increased at a slower 
rate. Controlling for handle size, it was found that there were no significant differences, 
statistically, between the smooth or profiled handles. Knurled cylinders were found to 
have been significantly better than the smooth cylinder (p < 0.001) with the exception 
o f the 7 cm. handles where differences were not significant. Based on these findings 
the authors concluded that for forceful activity, the shape o f the handle is not important. 
The critical variables in the design of the handle were the size of the handle and again, 
quality of the hand/handle interface.
Cochran and Riley (1986) also chose to evaluate the effects o f handle shape and 
size on the ability to exert or resist force. Ten male and ten female subjects used four 
sizes o f nine handles that were tested under oiled conditions for isometric tests o f thrust 
push, thrust pull, orthogonal push, orthogonal pull, and wrist extension and wrist flexion 
torque. The handles were smooth Plexiglas of 7 cm., 9 cm., 11 cm., and 13 cm. in 
perimeter and were shaped cylindrically, circular with a flat side, circular with two flat
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sides, triangular, square, and four different proportions of rectangular. Torques were 
measured by torque wrench with the subject standing, feet shoulder width apart, and the 
elbow hanging straight. Maximum torque was evaluated as a three-factor factorial with 
blocking by subject. In the cases of wrist flexion and extension all main effects and 
interactions were significant. Tukey analysis indicated that for extension torque, the 
rectangular shape with a 1:2 ratio was superior for both genders. This was not 
significantly different from the triangular handle and rectangle o f ratio 1:1.75 that were 
alternately second and third for males and females. Wrist flexion torque was similar 
with the second best performance for men using a rectangular handle with a ratio of 
1:1.5. Handle size was significant and there were significant differences between every 
size. Greatest torque was seen at a perimeter of 13 cm., equivalent to a diameter o f 4.14 
cm. There was also a gender effect. The interaction of shape and size was significant, 
indicating the need to make a proper handle selection for each task. These results 
contrast that o f Pheasant and O'Neill (1975) in that they indicate a significant difference 
between handle shapes. This may have been because the most successful handles in the 
current study provided a flat surface and some edges for the hand to use in leveraging 
torque, where the screwdrivers used by Pheasant and O'Neill (1975) appeared from 
illustration to have been rounded.
Drury and Pizatella (1983) reviewed literature about handles and came to 
several general recommendations. First, the authors indicated that small deviations of 
cylindrical handles with a constant diameter would not significantly effect human 
performance. Second sharp edges, comers, seams, or excessive ribbing should be 
avoided as they create pressure points. The authors did recommend the use of a non-
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slip texture for the handle surface. Handle diameters between 2.5 and 4.0 cm. were 
recommended after review of all literature. These recommendations are generally in 
line with the studies presented here and provide a basic summary of the information 
gained on handle characteristics.
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Chapter Three: Methods and Procedures
In order to fill the gap in research literature on two-handed handwheel operation, 
two experiments were conducted to address the relevant issues. The first experiment 
examined the effects of height of exertion, orientation of the handwheel and types o f 
handwheels. Included in this comparison was a custom-designed handwheel based on 
the literature reviewed. The data collected was used in formulating an equation to 
predict the torque exertion that an individual would be capable of, adjusted based on 
subject anthropometric and isometric strength performance.
A second experiment was conducted on effects of leather gloves, cotton gloves 
with plastic dotting and the use of no glove on torque generation ability with two 
different styles of handwheels. This study was done to further examine the effects o f 
gloves on torque generation in two-handed exertions where the research is lacking. The 
research also sought to clarify the relationship between handwheel types found in the 
first study and examine the effect of gender on torque generation capability.
3.1 Experimental Setup
At the beginning of every experimental session, subjects were provided with a 
written set o f standard directions for the experiment. These standard directions required 
the use o f a specified posture and exertions at the times indicated for recording. The 
posture required was: feet no greater than shoulder width apart with one foot behind the 
other at a distance no less than half the length of their foot and no greater than the width 
of their shoulders. The front foot was no further forward than the center of the 
handwheel. The laboratory administrator provided written standard directions to 
prevent omissions or additions to instructional information and to prevent psychological
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contamination. A copy o f the instructions is provided in Appendix D. Subjects were 
then escorted to the area where a custom jig and various handwheels were located. The 
fixture built for this experiment included a box-type base to accommodate the vertical 
orientation of the handwheel at floor level. The box had a steel grating top surface to 
mirror an industrial site. Two 300 cm. posts were bolted to the wall in a vertical 
position. The posts were spaced to accept a lever arm between them. The use of a lever 
arm was required to accommodate the radius of the handwheel when oriented 
horizontally. The lever arm then became the mounting surface for the transducer which 
could then be rotated to different angles when secured by pins placed in pre-drilled 
holes. The fixture had pre-drilled holes to accept the lever arm in vertical and 
horizontal orientations from 0 to 218.2 cm. Rotating the transducer to its side created 
the sideways orientation o f the handwheel. To accommodate the floor height, an 
opening was cut into the box that allowed the stem o f the handwheel to be mounted 
vertically and horizontally at floor level. The jig is illustrated in Figure 2.
The handwheel being studied was attached to a Mountz BMX 500F reaction 
style transducer for making torque measurements. This transducer was a flange 
mounted transducer capable of measuring torque up to 677 Nm. The Mountz 
Torquemate 2000 to which it was attached was a portable torque display with data 
storage. The Torquemate 2000 recorded the first peak o f torque for use in analysis. 
Subjects grasped the handwheel with the right hand at 45 degrees from the centerline o f 
the handwheel and the left hand at -135 degrees. Exertions lasted until the first peak o f 
the exertion had been recorded, approximately six seconds. Three replicates were made 
for each exertion. There was a two-minute break between repetitions and a five-minute
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Figure 2 Experimental Setup
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break between combinations to prevent fatigue (Chaffin, 1975). The average of the 
three exertions was recorded as the mean first peak torque.
Handwheel types examined included two handwheels that were commercially 
available and one custom designed handwheel. The two commercially available 
handwheels were on loan to the Industrial Engineering Department by the Louisiana 
State University Petroleum Engineering Research and Technology Transfer Laboratory. 
The first handwheel was 37.37 cm. in diameter and round in shape (Figure 5). The 
wheel rim was made of metal stock rectangular in shape with rounded edges. The 
height was 1.65 cm. and the width was 2.00 cm. Under no circumstances were subjects 
allowed to use the post on this handwheel when making their exertions. The second 
handwheel was 33.02 cm. in diameter (Figure 4). The wheel rim was made o f metal 
stock rectangular in shape with rounded edges. The height was 2.24 cm. and the width 
was 2.58 cm. The second handwheel was a quarter arc handwheel with a post on the 
opposing side. Subjects did use the post of this handwheel when making exertions.
The third handwheel has been constructed from plumbing pipe (Figure 3). It was 38.11 
cm. in diameter and made of cylindrical metal stock 3.8 cm. in diameter. It was made 
of galvanized pipe in such a fashion that both ends turned up at a ninety-degree angle 
effectively creating two posts. It should be noted that the quick turning advantage of 
the vertical member found with the shorter post of the quarter arc handwheel might not 
be seen with the longer posts on the custom designed handwheel. It was hypothesized 
that there were significant differences between the three handwheels and that one o f the 
handwheels, the custom designed handwheel, was superior across all conditions.
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Figure 3 Custom Handwheel
Figure 4 Quarter Arc Handwheel
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Figure 5 Circular Handwheel
3.2 Experiment One
Experiment One examined the effect of height o f exertion, orientation o f  the 
handwheel and type of handwheel.
3.2.1 Subjects
In order to evaluate human torque generation capabilities, male subjects were 
used exclusively. Though study of the gender factor was of interest, but it was not 
practical to include this variable. Male subjects were used exclusively because the 
majority o f those employed in the target industries o f oil and gas production are males, 
as evidenced by two years of observation o f the industry. Subjects for this experiment 
were recruited from the student body at Louisiana State University. Students were 
chosen based on being o f male gender, having no previous occurrences of back or
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shoulder pain or injury, having no predisposition or diagnosis o f heart or blood pressure 
problems, being right handed and availability. Elimination o f candidates from the pool 
was done by questionnaire (Appendix). Subjects with previous experience of back or 
shoulder pain or injury were excluded so as to create as homogeneous a subject 
population as possible and because the interest was in a study on uninjured subjects. 
Four persons were rejected as subjects due to injury or illness. Issues that might be 
related to direction of handwheel operation were controlled by exclusive use of right- 
handed subjects, as the majority of persons are right-handed ("Handwriting", 1998). 
Availability of a subject to complete the required hours of laboratory experimentation 
was also considered in selecting subjects and was the most challenging requirement. A 
similar group of industrial subjects was also recruited for comparison o f anthropometric 
and strength measurements. After two unsuccessful attempts at subject recruitment, 
subjects were offered $50.00 in compensation for their time. Subjects completed the 
task in normal clothes. Tennis shoes or other rubber-soled shoes were required to 
simulate the rubber sole o f steel toe shoes or boots. Mean subject age was 23.03 (a  = 
5.40) years. The mean subject height was 176.99 cm. (a  = 7.33) and mean weight was 
79.39 kg. (ct = 15.00). After the completion of data analysis for ten subjects power 
analysis was used to determine the required sample size. In order to obtain statistical 
power o f 0.85 a sample size o f twelve subjects was required for the analysis of the 
torque data.
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3.2.2 Method
The research conducted required the collection of anthropometric and isometric 
strength data as well as the data related to the torque exertions. The methods used for 
collecting these three types of data are summarized in the following sections. 
Anthropometric Data Collection Methods
Anthropometric data was collected on student subjects prior to the experimental 
sessions and as part o f the orientation and familiarization session. Eighteen 
measurements of anthropometry were made to provide a database for designers and for 
possible inclusion in the predictive equation for torque exertion. Anthropometric 
measurements were made in a random order. The following anthropometric 
measurements were made as defined in the NASA (1978), Anthropometric Source 
Book, utilizing an anthropometric measurement kit, scale, and goniometer.
• Ankle height. Measured as medial malleolus height, the height o f the most medially 
projecting point o f the medial anklebone.
• Knee height. Measured as patella top height, the height of the top edge of the 
kneecap.
• Knuckle height. Measured as the height o f the third knuckle.
• Waist height. Measured as the height of the natural waist.
• Acromial height. Measured as the distance from the floor to the acromion.
• Eye height. Measured as the height of the inner comer of the eye.
• Shoulder width. Measured as the biacromial breadth, the distance across the 
shoulder from right to left acromion.
• Stature. Measured as the height to the top o f the head.
68
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
•  Weight. Measured using a medical scale.
• Chest depth. Measured as the depth o f the torso measured at nipple level.
• Abdominal depth. Measured as the waist depth, the depth o f the torso at waist level.
•  Horizontal reach. Measured as the shoulder grip length which was the horizontal 
distance from a pointer held in the subject's hand to a wall against which he sits, 
measured with the arm extended horizontal and forward.
• Overhead reach. Measured as the vertical grip reach, which was the height of a 
pointer, held horizontally in the subject's fist when the arm was maximally extended 
upward.
•  Hand length. Measured as the distance from the base o f the hand to the top of the 
middle finger measured along the long axis of the hand.
• Hand width. Measured as breadth o f the hand which was across the ends of the 
metacarpal bones.
• Foot length. Measured as the length o f the foot parallel to the long axis.
•  Ulnar deviation. Measured as the degree o f deviation o f the middle finger from its 
natural position and toward the ulna.
•  Radial deviation. Measured as the degree o f deviation o f the middle finger from its 
natural position and toward the radius.
Isometric Strength Data Collection Methods
Isometric strength data was collected on student subjects prior to the
experimental sessions and as part o f the orientation and familiarization session. Six
measures of isometric strength were made to provide a database for designers and for
possible inclusion in the predictive equation for torque exertion. These measures were
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chosen due to their common use as a descriptive set of isometric strength 
measurements. Three trials for each isometric strength measurement were made with 
two minutes o f  rest between trials and five minutes o f rest between different isometric 
strength measurements. Procedures for isometric strength measurements were 
modified from those used by Ayoub (1978) and were made with a load cell and required 
bars and straps and an adjustable hand dynamometer.
• Isometric arm strength. Measurement o f arm strength requires that a long handle be 
adjusted such that the forearms are flexed 90 degrees and the upper arms are 
vertical. The subject stands erect with legs and back straight and with the feet flat.
A load cell and a cable connect the handle to a platform on which the subject was 
standing. The exerted force was to be upward, vertical and generated by only the 
arm muscles. The subject was instructed to avoid any shoulder movement.
• Isometric shoulder strength. Measurement o f shoulder strength requires the subject 
to stand erect and support a bar with straps on each end using two arms. The straps 
are positioned over the distal end of the humerous by inserting the arms outside-in. 
The arms are flexed to a posture such that the arms are perpendicular to the subject's 
torso. The subject's feet are to remain flat, the legs straight, and the back erect. A 
load cell and vertical link cable connect the bar to the platform on which the subject 
was standing. The exerted force was upward, vertical and generated only by the 
shoulder muscles.
• Isometric trunk strength. Measurement o f trunk strength was done with a long 
handle located at 75% of the knee height and approximately 32 cm. in front o f the 
medial malleolus. The subject's feet were separated at shoulder width. Both feet
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were to be kept at an equal distance from the chain anchor point. The subject flexed 
the torso in order to grip the handle. The upward, vertical force was exerted by 
torso extension. The elbows and knees were extended and the eyes were looking 
straight ahead.
• Isometric composite strength. Measurement of composite strength was done using a 
shorter handle adjusted to 38 cm. above the floor. The subject took a squat-type 
position with the handle between the legs. The subject’s elbows were extended and 
did not touch the legs. The heads o f the first metatarsals were placed opposite one 
another and intersected the vertical plane of the load cell. The feet remained flat. 
The subject exerted an upward vertical force by extending the knees and torso.
• Grip strength dominant hand. Measured as with a dynamometer adjusted to the hand 
size o f each subject.
• Grip strength non-dominant hand. Measured with a dynamometer adjusted to the 
hand size of each subject.
Torque Data Collection Methods
Torque data was collected for forty-five different configurations o f height of 
exertion, types of handwheels and orientation o f the handwheel. Torque data was 
collected according to the methods described in Chapter 3.1. The heights of torque 
exertion used in this experiment were fixed heights representing the average overhead 
reach observed in a tour of local oil and gas facilities (218.2 cm.), and the 95th 
percentile shoulder height (153 cm.), waist height (114.1 cm.) and knee height (57.2 
cm.) of the general male population (NASA, 1978). This was appropriate since the 
student subjects are representative o f the general population. An additional height
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representing the floor was also used. The overhead reach was to be evaluated because it 
represents a maximum reach and has not commonly been included in such research. 
Shoulder, waist, and knee heights were chosen because they represent reasonable design 
limits for valve location within the reach of subjects. The floor height was chosen to 
represent the many valves located at this level. Fixed heights were used to represent the 
lack of flexibility in location o f valves and the interest in ranges of performance not 
specifically tied to a subject population. By examining these five heights, it was 
expected that conclusions could be drawn about the effect o f height for locating 
handwheels. Illustrations of the five heights are presented in Figures 6 through 10. It 
should be noted that heights were the height o f the center o f the transducer representing 
the center of the valve body.
The handwheel orientations examined included the vertical, horizontal, and 
sideways orientations. The common orientation for handwheels seen in oil and gas 
production is the vertical orientation, which conserves space (Rice. 1999). The 
sideways orientation was created by rotating the arm o f the jig ninety degrees to the 
right. This orientation is also frequently seen in the oil and gas production environment 
when valves are mounted below the floor level or within collections of piping. It was of 
interest to determine if the horizontal orientation provides a significant increase in 
torque that might justify the horizontal handwheel orientation. It was felt that the 
horizontal orientation was more comfortable for the occasional user and that for 
uncontrolled postures this orientation would allow the weight to be used to the person's 
advantage. The different orientations are illustrated in Figures 11 through 13.
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Figure 6 Circular Handwheel at Floor Height
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 7 Circular Handwheel Figure 8 Circular Handwheel, Waist
at Knee Height at Waist Height
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Figure 9 Circular Handwheel Figure 10 Circular Handwheel
At Shoulder Height at Overhead Height
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Figure 11 Circular Handwheel Figure 12 Circular Handwheel
in the Vertical Orientation in the Horizontal Orientation
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Figure 13 Circular Handwheel in the Sideways Orientation
Following each exertion, subjects made ratings o f perceived exertion for seven 
body sites and recorded them on a linear estimation scale. The linear estimation scale is 
a classic means of subjective evaluation (Degani et al., 1989). The seven body sites for 
evaluation included: right and left arms, shoulders, and wrists and the low back. The 
areas of the body evaluated were graphically illustrated on a diagram o f the human body 
(Figure 14).
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0 100
Figure 14 Reference Diagram for Evaluation of Perceived Exertion (modified from 
Degani et al., 1989) 1 - right shoulder 2- right arm 3 — right wrist 4 -  left shoulder 5 
left arm 6 — left wrist 7 -  low back
3.2.3 Procedure
The procedure for data collection was defined as follows. When potential 
candidates called regarding the newspaper ad, an appointment was scheduled for an 
orientation and familiarization session. Subjects were asked at that time to complete 
profiles about their health and family history. Upon full acceptance into the 
experimental protocol, a consent form (Appendix) was signed and subjects were 
instructed to avoid strenuous exertions two hours prior to laboratory experimentation 
This restriction was placed in order to prevent previous exertion from effecting 
laboratory experimentation. Upon agreement to participate subjects were assigned a
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random number for use in recording data. Coding of data was done in order to maintain 
confidentiality of data.
Subjects were asked to complete nine hours of laboratory experimentation. 
Experimental work was divided into six one and one half-hour sessions. The 
orientation-and familiarization session period was used to make anthropometric 
measurements and measurement of isometric strength. The measurements, procedures 
and equipment were as described in Chapters 3.1 and 3.2. Fifteen to twenty minutes 
were provided for familiarization with the handwheels and testing jig, as well as to 
become familiar with the required posture and procedure. The importance of 
familiarization has been illustrated by Mital and Sanghavi (1986), McMulkin et al. 
(1993), and Shih and Wang (1997a). Subsequent laboratory periods were one and one- 
half hour long consisting of randomized exertions using the different heights of torque 
exertion, handwheel orientation and types of handwheels. During all familiarization 
and experimentation, only the subject, laboratory administrator and one assistant were 
present to prevent distraction or other psychological phenomena.
3.2.4 Experimental Design
The methods have been partitioned in to four sections for clarity and to prevent 
confusion. Methods are outlined for the collection of anthropometric, torque, rating of 
perceived exertion and biomechanical data. Together, this data has provided valuable 
information regarding the objectives defined in Chapter 1.0.
Method of Anthropometric Data Analysis
The first step in the analysis of the data gathered was the analysis of the 
anthropometric and isometric strength data gathered for the student population. The
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mean, standard deviation and 5th and 95th percentiles were calculated for all 
anthropometric measurements and isometric strengths. This raw data was then built 
into a database for use by designers o f work areas, platforms, rigs and plants.
Methods of Torque Data Analysis
Analysis o f torque exertion data was then conducted based on three independent 
variables: height o f torque exertion, handwheel orientation and handwheel type, and one 
dependent variables: torque exerted. The ANOVA was calculated for a significance 
level o f 0.05 and required a randomized block design with complete randomization. 
Blocking was done by subject because the interest was not in differences between 
subjects for the trials but within a subject. The model for the torque data analysis was: 
yiKLM =  p  +  Si +  H t +  O l  +  Wm +  H O k l +  H W KM +  O W lm + H O W klm  + e.
In this case, the variables were the subject (Si), height of torque exertion (Hk), 
orientation o f the handwheel (Ol), type o f handwheel (Wm) and all o f the first and 
second order interactions. The error term was then derived from the error mean square 
table (Table 11) where F indicates a fixed variable and R indicates a random variable.
Table 11 Error Mean Square Table
30 5 3 3 1
R F F F R ERROR TERM
i k I m n
s , 1 5 3 3 1 45ctzi+ ct2e
H k 30 0 3 3 1 270ctzk+ <rc
O l 30 5 0 3 1 450cr\+
W m 30 5 3 0 1 450azM+
H O kl 30 0 0 3 1 90o zkl+
H W km 30 0 3 0 1 90<Tkm+
O W lm 30 5 0 0 1 150aiLM+
H O W klm 30 0 0 0 1 30ctzklm+  crzE
SN(IKLM) 1 0 0 0 1 a 2c
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The analysis proceeded following the method of Keppel (1982). Using this 
method, if the three-way interaction is significant, the second step in the analysis is to 
examine the significance of the two-way interactions for each o f the three variables. In 
the case o f significant two-way interaction, the third step in the analysis is to analyze 
the simple effects of one factor while controlling the different levels of the other 
interaction factor. When the simple effect is significant the final step in the analysis is 
to search for significant simple comparisons. Montgomery (1997) indicates that 
significant simple comparisons can be tested using any o f the multiple comparison 
procedures. The Tukey test was chosen for use in this analysis because of its 
conservatism. The procedure is outlined graphically in Figure 15.
A x B x C








X X X X X X












Dashed lines represent significance and dotted lines indicate insignificance 
Figure 15 Keppel (1982) Procedure for Main Effects
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Methods of Rating of Perceived Exertion Data Analysis
Multivariate analysis of variance was then used to evaluate the data gathered on 
ratings of perceived exertion for the right and left wrists, arms, and shoulders and the 
low back. This separation of the dependant variables into two analyses was due to the 
different natures of the data. MANOVA was used in the analysis of the data for ratings 
of perceived exertion due to the presence of more than two dependent variables. 
MANOVA specifically addresses possible interrelationships between dependent 
measures and possible increases in type I error in such models. The MANOVA was 
calculated for a significance level of 0.05. Wilk’s Lambda was used as the test of 
significance because it is a conservative measure and due to its maximized sensitivity 
when more than two dimensions are in the set o f dependent variables and have equal 
importance in accounting for trace (Barker and Barker, 1984). The lambda was 
converted to an F ratio in order to test for statistical significance comparing the variable 
sum of squares and the error sum of squares. For the cases of the variables and 
interactions that were significant in the MANOVA, individual ANOVAs were 
conducted across all subjects to determine the importance of this variable at the 0.05 
significance level. This analysis required a randomized block design with complete 
randomization. Blocking was done by subject because the interest was not in 
differences between subjects for the trials but within a subject. The model for the 
analysis of ratings of perceived exertion was:
(RW LW RA LA RS LS LB)iklm = H + S, + Hk + Ol  + WM + HOKL + HWKM + 
O W lm +  H O W klm  +  £.
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In this case, the variables were the subject (Si), height o f torque exertion (Hk), 
orientation of the handwheel (O l), type of handwheel (W m ) and all of the first and 
second order interactions. The dependant variables were the right wrist (RW), left wrist 
(LW), right arm (RA), left arm (LA), right shoulder (RS), left shoulder (LS) and low 
back (LB). The error term was then derived from the error mean square table and was 
identical to the error mean square table for the torque data analysis. The analysis 
proceeded following the method o f Keppel (1982) reviewed in the previous section. 
Methods of Biomechanical Analysis
The biomechanical analysis was conducted by first measuring the jo in t angles of 
a subject performing each o f the forty five configurations o f the three handwheels, three 
orientations of the handwheel and five heights o f exertion using goniometers. Angles 
were then translated into the coordinate system o f the software used. The 3D Static 
Strength Prediction Software Version 4.0 from the University of Michigan was the 
software chosen. The data was then entered into analysis software along with the 
subject height and weight and the force and direction o f the force at each hand for each 
configuration. The software then reported the compression on the L5/S1 joint o f the 
spine and the percentage of the population capable o f performing that exertion for the 
elbow, shoulder, trunk, hip, knee and ankle joints. The disc compression reported was 
the contractile forces o f the erector spinae and rectus abdominus and was compared to 
the design limit and upper limit of compressive forces as defined by NIOSH (1981).
The design limit is defined as the level at which there is an increased risk o f  injury and 
fatigue for some individuals if  not carefully selected and trained for the lifting task. The 
design limit is 3400 N. The upper limit is defined as the level above which
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musculoskeletal injury rates and severity rates are significantly higher for most workers 
and the level that only about 25% of men and 1% of women have the muscle strength to 
be able to perform. The upper limit is set at 6400 N.
3.3 Experiment Two
The second experiment examined the effect that glove use has on the two- 
handed torque exertion. It also examined differences between two handwheels and the 
effect of gender.
3.3.1 Subjects
In order to evaluate the effect o f  glove use and further examine the effect o f type 
of handwheel, a diverse population was examined. Male and female subjects were 
included in this part o f the experimentation in order to compare the effects o f gender 
with those of Woldstad et al., (1995) and Wood et al. (2000). Subjects for this 
experiment were recruited from the student body at Louisiana State University.
Students were chosen based on having no previous occurrences o f back or shoulder pain 
or injury, having no predisposition or diagnosis o f heart or blood pressure problems and 
availability. Elimination o f candidates from the candidate pool was done by interview. 
Subjects with previous experience of back or shoulder pain or injury were excluded so 
as to create as homogeneous a subject population as possible and because the interest 
was in a study on uninjured subjects. Issues that might be related to direction of 
handwheel operation were controlled by having subjects rotate the handwheels in the 
direction o f their dominant hand. Subjects completed the task in normal clothes.
Tennis shoes or other rubber-soled shoes were required to simulate the rubber sole of 
steel toe shoes or boots. Eighteen males and ten females participated in the experiment.
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Female subjects stood between 154.94 and 175.26 cm. tall and weighed between 50 and 
90.91 kg. The average subject was 21 years old, 166.37 cm. tall and weighed 70.57 kg. 
Male subjects stood between 167.64 and 198.12 cm. tall and weighed between 56.82 
and 113.64 kg. The average subject was 22 years old, 176.99 cm. tall and weighed
74.28 kg.
3.3.2 Methods
Data collection methods for the second experiment were similar to that o f the 
first experiment. Standard directions for the task were provided, utilizing the same 
measurement technique, fixture, and the circular and quarter arc handwheels. The same 
posture used in the first experiment was used again here. All exertions were made at 
the waist height because it represented a height that both male and female subjects were 
able to operate in similar postures and without placing excessive strain on the back.
The handwheel orientation examined was the horizontal due to its common usage. The 
two handwheels were chosen in order to determine if the lack o f significant difference 
seen in Experiment One would be replicated in the results o f this experiment. It was the 
author’s original hypothesis that the use of a vertical member on the handwheel would 
allow for the generation of greater torque.
The gloves chosen for use in this experiment were those indicated to commonly 
be used in the production of oil and gas. It was reported through several personal 
conversations that the glove of choice in the oil production environment is the cotton 
glove with plastic dotting (Rice, 1999). This is the preferred glove because it absorbs 
some surface contaminant, provides for enhanced friction and is economical enough to 
be disposable. These cotton gloves are available in one size (Figure 17). The second
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glove was the leather glove. It is reported that this glove is used less frequently because 
the cost makes frequent disposal impractical (Figure 16). The two gloves were 
compared to the barehanded condition.
Figure 16 Leather Gloves
Figure 17 Cotton Gloves
86
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.3.3 Procedure
The procedure for data collection was similar to the procedure for Experiment 
One. The same jig and handwheels were used with the same specified posture. Three 
exertions were made with the same recovery time provided between exertions and trials. 
The notable change to this procedure was the reduction of familiarization to ten 
minutes. Subjects were asked to complete one hour of laboratory experimentation 
consisting o f randomized exertions using the different gloves and handwheels. Ratings 
of perceived exertion were not made for this experiment due to the questionable results 
from Experiment One.
3.3.4 Experimental Design
Analysis of glove experiment data was then conducted based on three 
independent variables: gender, type o f glove used and handwheel type, and one 
dependent variables: torque exerted. The ANOVA was calculated for a significance 
level o f 0.05 and required a nested factorial design with complete randomization. 
Blocking was done by subject because the interest was not in differences between 
subjects for the trials but within a subject. The model for the glove experiment torque 
data analysis was:
yikLM =  P +  Si(L) +  T k +  G l +  W m +  T G kl +  T W km +  G W lm+  T G W klm +  £.
In this case the variables were the subject (Si), type of glove used (T k), gender (G l), 
type o f  handwheel (Wm) and all o f the first and second order interactions. Interactions 
of subject and gender were excluded due to the nesting effect. The error terms were 
then derived from the error mean square table (Table 12).
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Table 12 Error Mean Square Table
28 3 2 2 1
R F F F R E R R O R  TERM
l k 1 m n
S KL) 1 3 1 2 1 6crV)+
T k 28 0 2 2 1 1 1 2 a 2K+ 2 <? i(L)K +  a 2e
g l 28 3 0 2 1 168ct2l +  6CTi |(L) +  c r e
W m 28 3 2 0 1 1 6 8 ct2m+  3<t2i(L)m +
S T i(l) k 1 0 1 2 1 2 a 2i(L)K+ c r E
SW,(L, M 1 3 1 0 1 3<J I(L )M +C T“e
T G kl 28 0 0 2 1 56ct2k l+  2 ct2 i(l )k  + cr2c
T W km 28 0 2 0 1 56ct k m +  ct_ i(L)k m  + g 1 z
g w lm 28 3 0 0 1 8 4 a 2LM+ 3 a 2 k l jm  +
T G W klm 28 0 0 0 1
a q  ̂ ? i
2 OCT KLM+ O^KDKM +  CT~e
STW [(d  km I 0 1 0 1
£n(ik.lm) 1 0 1 0 1
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Chapter Four: Experimental Results
The methods of data analysis included the calculation of summary statistics, 
statistical analysis, biomechanical analysis and predictive equation development. The 
results were extensive and yielded many observations for discussion. The results are 
presented followed by the discussion of applications and conclusions.
4.1 Results of Experiment One
The results are presented here for anthropometric, torque, rating of perceived 
exertion and biomechanical analysis. Tables have been incorporated to summarize 
lengthy data when convenient. Analysis was conducted using the SAS statistical 
package, the 3DSPSS package and the Excel spreadsheet.
4.1.1 Results o f Anthropometric Data Analysis
Anthropometric measurements were made of the student subjects as outlined in 
Chapter 3.2.2. Table 13 summarizes the data collected and standard data reported by 
NASA (1978).
Table 13 Summary of Subject Group and Standard Anthropometric Data
Student NASA Student as
Measurement Subjects S.D. Data S.D. % of NASA data
Age (years) 23.03 5.40
Weight (kg.) 79.39 15.00 66.88 9.51 118.71
Acromonial height (cm.) 146.13 7.06 142.04 6.13 102.88
Ankle height (cm.) 10.03 1.58 11.80 1.36 85.03
Eye height (cm.) 164.79 7.11 164.34 6.02 100.27
Knee height (cm.) 54.15 3.75 49.44 2.32 109.53
Knuckle height (cm.) 81.13 20.34 78.31 3.89 103.6
Stature (cm.) 176.99 7.33 174.09 6.62 101.67
Waist height (cm.) 102.21 6.17 105.73 5.10 96.67
Abdominal depth (cm.) 18.99 3.00 22.34 2.18 85.02
Chest depth (cm.) 20.98 2.64 21.91 2.10 95.77
Foot length (cm.) 26.66 1.81 26.78 1.29 99.56
Hand length (cm.) 19.00 1.71 19.68 1.01 96.56
(table con’d.)
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Student NASA Student as
Measurement____________Subjects S.D. Data S.D. % o f NASA data
Hand width (cm.) 10.90 0.95 10.47 0.64 104.11
Horizontal reach (cm.) 79.64 5.72 87.86 4.15 90.65
Radial deviation (degs.) 43.83 13.21
Shoulder width (cm.) 41.42 3.11 39.68 1.91 104.39
Ulnar deviation (degs.) 49.82 9.62
Vertical reach (cm.) 126.18 7.15 124.51 4.81 101.34
It can be seen that for a large number o f the measurements the subject group is 
similar to the standard data. Expressing the subject data as a percentage o f the standard 
data, the comparisons above have been made (Table 13).
After examining the anthropometric comparisons it was then o f interest to 
examine how the strengths of the subject group compared to other reported data. There 
was no standard data available for the particular strength measurements used in the 
NASA (1978) standard data, therefore requiring comparison to other published data. 
Comparison of the strength data was made with published studies as follows in Table 
14.
Table 14 Comparison o f Subject Group with Published Strength Data
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The 5th and 95th percentiles for all measurements were then calculated by the
database for display. The percentage represents the value at or below which the stated
percentage o f units lie. The Z statistic that correlates with the required cumulative
probability was multiplied by the standard deviation and added to the mean to calculate
these statistics. The Z statistic corresponding to the 5th and 95th percentiles are -1.64
and 1.64, respectively. The data calculated by the database is summarized in Table 15.
Table 15 5th and 95th Percentiles o f Anthropometric and Strength Measurements for 
the Student Subjects
Measure 5th 50th 95th
Stature (cm.) 164.98 176.99 189.01
Weight (kg.) 54.79 79.39 103.99
Eye height (cm.) 153.13 164.79 176.45
Acromonial height (cm.) 134.56 146.13 157.71
Waist height (cm.) 92.09 102.21 112.33
Knuckle height (cm.) 47.76 81.13 114.49
Knee height (cm.) 48.00 54.15 60.30
Ankle height (cm.) 7.44 10.03 12.63
Hand length (cm.) 16.19 19.00 21.82
Hand width (cm.) 9.34 10.90 12.46
Shoulder width (cm.) 36.32 41.42 46.52
Chest depth (cm.) 16.65 20.98 25.31
Abdominal depth (cm.) 14.08 18.99 23.91
Foot length (cm.) 23.69 26.66 29.64
Horizontal reach (cm.) 70.27 79.64 89.02
Vertical reach (cm.) 114.45 126.18 137.90
Radial deviation (degs.) 22.17 43.83 65.50
Ulnar deviation (degs.) 34.04 49.82 65.59
Shoulder strength (N) 233.54 510.41 787.27
Arm strength (N) 242.46 647.22 1051.97
Composite strength (N) 401.77 1034.56 1667.35
Trunk strength (N) 160.86 307.12 453.39
Dominant grip strength (N) 343.73 508.97 674.20
Non-dominant grip strength (N) 326.00 464.73 603.46
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4.1.2 Results o f Torque Data Analysis
Results o f the torque data analysis were analyzed in two different ways, 
specifically with and without the data points associated with the overhead height o f 
exertion.
Full Data Set
The data collected for torque exertion included 1350 data points for three 
different handwheels, three different orientations and five different heights. The overall 
mean torque generated was 64.07 Nm (ct = 36.50). When using the custom handwheel 
the mean torque generation across all heights o f exertions and orientations of the 
handwheel was 69.40 Nm (a  = 43.15). The circular handwheel allowed for the 
generation across all heights of exertions and orientations of the handwheel of 66.55 
Nm (ct = 29.85) o f torque. The quarter arc handwheel allowed for the generation o f
56.28 Nm (ct = 33.98) for the same heights o f exertions and orientations o f the 
handwheel. The greatest torques were generated with the handwheel oriented in the 
vertical position followed by horizontal, and sideways orientations with 70.97 (ct = 
42.65), 64.51 (ct = 28.97) and 56.74 (ct = 35.26) Nm of torque generated, respectively. 
Regarding the effect of height, greatest torques when examining the data o f all types 
and orientations o f the handwheels were generated at the floor height (75.38 Nm, ct = 
32.00) followed by knee height (74.90 Nm, ct = 33.87), shoulder height (73.36 Nm. ct = 
27.80), waist height (68.79 Nm, ct = 25.61) and overhead height (27.93 Nm, ct = 37.64). 
Detailed summary of the forty-five different configurations is presented in Table 16 and 
in Figures 18 through 20. It should be noted that in these figures the column associated
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with the overhead is missing for four configurations because the subjects were unable to 



















Figure 19 Torque Exertion by Type o f handwheel and Height o f Exertion for Sideways 
Orientation
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Figure 20 Torque Exertion by Type o f handwheel and Height o f Exertion for 
Horizontal Orientation
Table 16 Mean and Standard Deviation o f Torque Exertion for All Configurations 
(Nm)
Wheel Orientation Height Mean S.D.
Circular Horizontal Floor 64.78 21.74
Circular Horizontal Knee 69.21 23.60
Circular Horizontal Shoulder 70.07 20.54
Circular Horizontal Overhead 36.48 22.48
Circular Horizontal Waist 67.99 25.51
Circular Sideways Floor 76.08 28.36
Circular Sideways Knee 61.80 26.21
Circular Sideways Shoulder 61.64 24.71
Circular Sideways Overhead 61.47 47.63
Circular Sideways Waist 59.69 23.13
Circular Vertical Floor 77.59 26.17
Circular Vertical Knee 72.29 27.29
Circular Vertical Shoulder 74.51 25.65
Circular Vertical Overhead 72.37 45.90
Circular Vertical Waist 72.21 24.85
Quarter Arc Horizontal Floor 56.56 17.76
Quarter Arc Horizontal Knee 64.31 27.86
Quarter Arc Horizontal Shoulder 67.40 28.01
(table con’d.)
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Wheel Orientation Height Mean S.D.
Quarter Arc Horizontal Overhead 37.22 24.71
Quarter Arc Horizontal Waist 65.49 24.15
Quarter Arc Sideways Floor 65.95 24.59
Quarter Arc Sideways Knee 59.42 21.30
Quarter Arc Sideways Shoulder 64.45 22.19
Quarter Arc Sideways Overhead 0.00 0.00
Quarter Arc Sideways Waist 52.88 20.27
Quarter Arc Vertical Floor 88.61 34.96
Quarter Arc Vertical Knee 80.63 30.66
Quarter Arc Vertical Shoulder 71.37 26.57
Quarter Arc Vertical Overhead 0.00 0.00
Quarter Arc Vertical Waist 69.84 21.43
Custom Horizontal Floor 72.43 23.95
Custom Horizontal Knee 81.78 25.73
Custom Horizontal Shoulder 84.42 31.07
Custom Horizontal Overhead 43.86 28.13
Custom Horizontal Waist 85.66 30.17
Custom Sideways Floor 73.69 43.94
Custom Sideways Knee 68.09 23.19
Custom Sideways Shoulder 82.12 31.95
Custom Sideways Overhead 0.00 0.00
Custom Sideways Waist 63.83 21.08
Custom Vertical Floor 102.74 36.63
Custom Vertical Knee 116.58 52.63
Custom Vertical Shoulder 84.28 30.00
Custom Vertical Overhead 0.00 0.00
Custom Vertical Waist 81.54 24.74
The two configurations that generated the greatest torques were the custom 
handwheel in the vertical orientation at floor (102.73 Nm, <r= 36.63) and knee heights 
(116.58 Nm, o= 52.63). The smallest torques were generated at the overhead height in 
the horizontal orientation with the circular (36.47 Nm, cr= 22.48) and quarter arc 
handwheels (37.22Nm, or= 24.71). It should be noted that for the overhead height, no 
torque could be generated with custom and quarter arc handwheels in the vertical and 
sideways orientations due to the posture and height required.
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Analysis of variance for the torque data indicated that ail main effects, two way 
interactions and the three way interaction were all significant (p = 0.0001) (Table 17).
Table 17 Analysis of Variance for Torque Data (Full Data Set)
Source DF Type I SS Mean
Square
F Value Pr>F
Subject 29 491157.36 16936.46 43.31 0.0001
Height 4 448147.58 112036.89 286.50 0.0001
Wheel 2 42884.95 21442.47 54.83 0.0001
Orient 2 45684.62 22842.31 58.41 0.0001
Height* Wheel 8 127781.68 15972.71 40.85 0.0001
Height*Orient 8 51403.49 6425.43 16.43 0.0001
Wheel* Orient 4 13664.67 3416.16 8.74 0.0001
Height* Wheel* Orient 16 77805.40 4862.83 12.44 0.0001
Error 1276 498986.36 391.055
Total 1349 1797518.77
Following Keppel’s procedure for a significant three-way interaction, the data 
was sliced by height of exertion, orientation of the handwheel and handwheel utilizing 
the SAS system. Slicing by height o f exertion allowed for the analysis of the interaction 
of orientation of the handwheel and handwheel. The slicing procedure calculated the 
ANOVA for this interaction at each level of height of exertion. Slicing by orientation 
of the handwheel allowed for the analysis of the interaction of height of exertion and 
handwheel. The slicing procedure calculated the ANOVA for this interaction at each 
level of orientation of the handwheel. Similarly, slicing by handwheel allowed for the 
analysis of the interaction of orientation of the handwheel and height of exertion. The 
slicing procedure calculated the ANOVA for this interaction at each level of handwheel. 
All interactions for all three slicing procedures were significant (p = 0.0001).
The third step was then to examine the significant interactions found in step two 
by controlling one of the two remaining variables in the interaction. All possible 
combinations o f the three variables were evaluated. When controlling the height of
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exertion and handwheel, the effect of orientation was significant except in the cases of 
the circular handwheel at knee height and the custom and quarter arc handwheels at 
shoulder height. When controlling the height of exertion and orientation of the 
handwheel, the effect o f handwheel was significant except in the cases of sideways 
orientation for floor, knee, and waist heights, vertical orientation for waist height and 
horizontal orientation for overhead height. Finally, when controlling the handwheel and 
the orientation of the handwheel, the effect of height was significant except in the case 
o f the circular handwheel in the vertical orientation. This data is summarized in Tables 
18 through 20.
Table 18 Summary' of Statistical Results for the Interaction o f Height o f Exertion and 
Type o f Handwheel
F — floor, k -  knee, w- waist, s -  shoulder, o -  overhead, 
c -  circular, q -quarter arc, t -  custom, 
h -  horizontal, s -  sideways, v - vertical
Height Wheel F Value Pr > F Tukey Analysis
F c 3.76 0.0235 V S H
F q 20.81 0.0001 V S  H
F t 22.55 0.0001 V S H
K c 2.22 0.1080
K q 9.46 0.0001 V H S
K t 47.95 0.0001 V H S
O c 25.96 0.0001 V S H
O q 35.42 0.0001 H S  V
O t 49.18 0.0001 H S  V
S c 3.27 0.0380 V H S
s q 0.92 0.3971
s t 0.12 0.8806
w c 3.11 0.0448 V H S
w q 5.95 0.0027 V H S
w t 10.32 0.0001 H V S
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Table 19 Summary of Statistical Results for the Interaction o f Height o f Exertion and
Orientation o f the Handwheel
Height Orient F Value Pr > F Tukey Analysis
f h 4.8 0.0081 T C Q
f s 2.1 0.1168
f V 12.19 0.0001 T O C
k h 6.22 0.0020 T C O
k s 1.53 0.2150
k V 42.50 0.0001 T O C
o h 1.26 0.2823
o s 96.63 0.0001 C O T
0 V 133.9 0.0001 C O T
s h 6.42 0.0017 T C Q
s s 9.45 0.0001 T Q C
s V 3.47 0.0312 T C O
w h 9.26 0.0001 T C O
w s 2.34 0.0961
w V 2.93 0.0534
Table 20 Summary of Statistical Results for the Interaction of Type of Handwheel and 
Orientation o f the Handwheel
Wheel Orient F Value Pr > F Tukey Analysis
c h 15.56 0 .0 0 0 1 S K W F O
c s 3.47 0.0078 F K S O W
c V 0.41 0.7968
q h 11.85 0.0001 S W K  F O
q s 58.48 0 .0 0 0 1 F S K W O
q V 96.82 0 .0 0 0 1 F K S W O
t h 23.30 0 .0 0 0 1 W S K F O
t s 82.98 0 .0 0 0 1 S F K W O
t V 157.90 0 .0 0 0 1 K F S W O
The final step in the analysis was to search for significant simple comparisons 
using the Tukey test for each significant simple comparison. Underlined items were
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not significantly different. It should be noted that the error term used for calculating all 
F ratios was the model error term as outlined by Keppel (1982). The results of the 
Tukey comparisons are shown in Tables 18 through 20.
Modified Data Set
Due to the significance of the height effect in several of the interactions it was of 
interest to remove the data associated with the overhead heights. It was felt that this 
data might artificially influence the analysis, since the overhead height prevented 
subjects from exerting torques in four of the configurations. The data collected for 
torque exertion with the modified data set included 1080 data points for three different 
handwheels, three different orientations and four different heights. The overall mean 
torque generated was 73.11 Nm (ct = 30.07). When using the custom handwheel the 
mean torque generation was 83.10 Nm (a  = 34.89) across all combinations o f height of 
exertion and orientation of the handwheel. The circular handwheel allowed for the 
generation of 68.99 Nm (ct = 25.18) of torque across all combinations of height o f 
exertion and orientation of the handwheel. The quarter arc handwheel allowed for the 
generation of 67.24 Nm (ct = 26.73) of torque across these same factors. The greatest 
torques were generated with the handwheel oriented in the vertical position followed by 
horizontal, and sideways orientations with 82.68 (ct = 33.55), 70.84 (ct = 26.30) and 
65.80 (ct = 27.38) Nm of torque generated, respectively. The data regarding height was 
unchanged except for the dropping o f the overhead height. Table 16 summarized this 
data in detail.
99
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Analysis o f variance indicated that all main effects, two way interactions and the 
three way interaction were all significant (p = 0.0001) with the exception o f the height 
and wheel interaction (Table 21).
Table 21 Analysis o f Variance for Torque Data (Modified Data Set)
Source DF Type I SS Mean
Square
F value Pr > F
Subject 29 485168.19 16729.93 52.60 0.0001
Height 3 7308.92 2436.30 7.66 0.0001
Wheel 2 54405.47 27202.73 85.53 0.0001
Orient 2 54059.92 27029.96 84.99 0.0001
Height* Wheel 6 3755.35 625.89 1.97 0.0675
Height* Orient 6 25341.95 4223.21 13.28 0.0001
Wheel* Orient 4 7492.39 1873.09 5.89 0.0001
Height* Wheel* Orient 12 15178.96 1264.91 3.98 0.0001
Error 1015 11042404 10879.22
Total 1079 32815365.36
Following Keppel’s procedure for a significant three-way interaction, the data
was sliced as discussed in the previous section. All two-way interactions at all levels of 
each variable were significant at a 0.0001 level with the exception of the interactions for 
the circular handwheel, which was significant at the 0.0002 level. The third step was 
then to examine the significant interactions found in step two by controlling one of the 
two remaining variables in the interaction. All possible combinations o f the three 
variables were evaluated. When controlling the height of exertion and handwheel the 
effect of orientation was significant except in the cases of the circular handwheel at 
knee height and the custom and quarter arc handwheels at shoulder height. When 
controlling the height of exertion and orientation of the handwheel the effect of 
handwheel was significant except in the cases o f sideways orientation for floor, knee, 
and waist heights. Finally, when controlling the handwheel and the orientation o f the 
handwheel the effect o f height was significant except in the case o f the circular
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handwheel in the vertical and horizontal orientations and the quarter arc handwheel in
the horizontal orientation. This data is summarized in Tables 22 through 24.
Table 22 Summary o f Statistical Results for Modified Data Examining the Interaction 
o f Height o f Exertion and Type o f Handwheel
F -  floor, k — knee, w- waist, s -  shoulder, o — overhead, 
c -  circular, q -quarter arc, t -  custom, 
h -  horizontal, s -  sideways, v - vertical
Height Wheel F Value Pr > F Tukey Analysis
f c 4.62 0.0100 V S H
f q 25.59 0.0001 V S H
f t 27.73 0.0001 V S H
k c 2.74 0.0650
k q 11.64 0.0001 V H S
k t 58.96 0.0001 V H S
s c 4.03 0.0181 V H S
s q 1.13 0.3214
s t 0.15 0.8553
w c 3.82 0.0220 V H S
w q 7.32 0.0007 V H S
w t 12.69 0.0001 H V S
Table 23 Summary of Statistical Results for Modified Data Examining the Interaction 
o f Height o f Exertion and Orientation o f the Handwheel
Height Orient F Value Pr > F Tukey Analysis
f h 5.93 0.0027 T C Q
f s 2.64 0.0715
f V 14.99 0.0001 T O C
k h 7.65 0.0005 T C O
k s 1.89 0.1513
k V 52.25 0.0001 T O C
s h 7.90 0.0004 T C O
s s 11.62 0.0001 T O C
s V 4.27 0.0142 T C O
w h 11.39 0.0001 T C O
w s 2.88 0.0563
w V 3.61 0.0274 TC_Q
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Table 24 Summary of Statistical Results for Modified Data Examining the Interaction 
o f Type o f Handwheel and Orientation o f the Handwheel
Wheel Orient F Value Pr > F Tukey Analysis
c h 0.50 0.6772
c s 5.41 0.0011 F K S W
c V 0.60 0.6133
q h 2.13 0.0942
q s 3.28 0.0202 F S K W
q V 7.21 0.0001 F K S W
t h 3.37 0.0178 W S K F
t s 5.89 0.0005 S F K W
t V 25.63 0.0001 K F S W
The final step in the analysis was to search for significant simple comparisons 
using the Tukey test for each significant simple comparison. It should be noted that the 
error term used for calculating all F ratios was the model error term as outlined by 
Keppel (1982). The results o f the Tukey comparisons are shown in Tables 22 through 
24.
4.1.3 Results of Rating of Perceived Exertion Data Analysis
The data for ratings o f perceived exertion (RPE) included 9450 data points 
representing ratings of perceived exertion for the right and left wrists, arms, and 
shoulders and low back for all combinations of three types o f handwheels, three 
handwheel orientations and five heights of exertion. All data reported are percentiles 
which were calculated by dividing the distance marked on a scale o f 0 to 100 by the 
length o f  the scale and multiplying by 100.
The overall mean rating o f perceived exertion for the right and left wrists were 
46.45 ( ct = 45.06) and 45.53 ( ct = 52.70). The overall mean rating o f perceived
102
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
exertion for the right and left arms were 63.29 (ct = 65.16) and 59.74 (ct = 66.08). 
respectively. The overall mean rating of perceived exertion for the right and left 
shoulders were 56.40 (ct = 55.64) and 52.92 (or = 53.92), respectively. The overall 
mean rating o f perceived exertion for the low back was 40.81 (ct = 164.17). When 
calculating the mean across all combinations of height of exertion and orientation of the 
handwheel using the circular handwheel the rating of perceived exertion was 48.55 (ct 
=25.89 ) for the right wrist, 45.46 (ct = 24.37) for the left wrist, 63.68 (ct = 24.41) for 
the right arm, 58.05 (ct = 24.38) for the left arm, 55.99 (ct = 25.88) for the right 
shoulder, 51.64 (ct = 24.90) for the left shoulder and 35.91 (ct = 23.49) for the low back. 
In every case this handwheel was perceived to require the greatest exertion. Calculating 
the mean in the same manner using the quarter arc handwheel, the rating o f perceived 
exertion was 41.30 (ct = 28.21) for the right wrist, 41.40 (ct = 28.20) for the left wrist, 
56.93 (ct = 30.17) for the right arm, 52.86 (ct = 29.58) for the left arm, 50.60 (ct = 29.91) 
for the right shoulder, 46.84 (ct = 28.74) for the left shoulder and 32.09 (ct = 25.55) for 
the low back. In general, the quarter arc handwheel was the perceived as requiring the 
second most exertion, though it required the least exertion for the shoulders and low 
back. Similarly, when calculating means using the custom handwheel the rating of 
perceived exertion was 40.90 (ct = 27.64) for the right wrist, 39.13 (ct = 26.76) for the 
left wrist, 55.49 (ct = 30.22) for the right arm, 51.39 (ct = 29.31) for the left arm. 52.19 
(ct = 32.43) for the right shoulder, 48.27 (ct = 29.10) for the left shoulder and 33.25 (ct = 
26.66) for the low back. The custom handwheel generally required the smallest 
exertions except in the cases o f the shoulders and low back.
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The greatest exertions with regard to the effect of orientation and considering all 
heights of exertion and types o f handwheels were found with the handwheel oriented in 
the horizontal orientation followed by the vertical, and sideways orientations. Three 
exceptions were of the exertion of the right arm and shoulder and low back where the 
sideways orientation required more exertion than the vertical orientation.
Review of the effect o f height was also interesting, greatest ratings of perceived 
exertion across all combinations of handwheel and orientation o f the handwheel were 
generated for the right wrist at the floor height (49.81, ct = 24.14) followed by knee 
height (49.01, a  = 24.27), waist height (48.71, a  = 24.26), shoulder height (48.43, cr =
23.16) and overhead height (21.85, a  = 29.92). Greatest ratings o f perceived exertion 
for all of the combinations were generated for the left wrist at the waist height (48.56, a  
= 23.02) followed by floor height (47.16, a  = 23.50), shoulder height (46.90, cr =
23 .17), knee height (46.43, cr = 23.39) and overhead height (20.50, ct = 28.28). Greatest 
ratings of perceived exertion for all of the combinations were generated for the right 
arm at the knee height (66.82, ct = 19.53) followed by waist height (66.56, ct = 21.22), 
shoulder height (66.48, ct = 21.00), floor height (65.53, ct = 20.77) and overhead height 
(28.12, ct = 34.99). Ratings o f perceived exertion across all combinations of 
handwheel and orientation o f the handwheel were generated for the left arm at the waist 
height (62.44, ct = 21.23) followed by knee height (60.93, ct = 20.47), shoulder height 
(60.91, ct = 21.84), floor height (60.85, ct = 21.83) and overhead height (25.37, ct 
=32.37). Greatest ratings o f perceived exertion for all combinations were generated for 
the right shoulder at the waist height (60.10, ct = 26.78) followed by floor height (59.85, 
ct = 23.64), knee height (59.75, ct = 23.00), shoulder height (59.69, ct = 23.00) and
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overhead height (25.24, cr = 33.12). When calculating the ratings o f perceived exertion 
across all combinations greatest exertion was found for the left shoulder at the shoulder 
height (55.88, ct = 23.01) followed by knee height (55.53, cr = 22.66), floor height 
(54.76, cr = 22.76), waist height (54.70, ct =22.32) and overhead height (23.70, cr =
31.50). Greatest ratings o f perceived exertion across all combinations of handwheel and 
orientation o f the handwheel were generated for the low back at the floor height (41.77. 
cr = 23.57) followed by knee height (39.59, cr = 23.75), waist height (35.63, cr = 22.76), 
shoulder height (34.90, ct = 22.65) and overhead height (16.88, ct = 25.89). This data is 
summarized in Tables 25 through 31.
Table 25 Summary of Statistical Results for Rating o f Perceived Exertion for the Right 
Wrist (Percent)
Wheel Orientation Floor Knee Shoulder Waist Overhead
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Table 26 Summary of Statistical Results for Rating o f Perceived Exertion for the Left
Wrist (Percent)
Wheel Orientation Floor Knee Shoulder Waist Overhead






















































































Table 27 Summary o f Statistical Results for Rating o f Perceived Exertion for the Right 
Arm (Percent)
Wheel Orientation Floor Knee Shoulder Waist Overhead
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Table 28 Summary of Statistical Results for Rating of Perceived Exertion for the Left
Arm (Percent)
Wheel Orientation Floor Knee Shoulder Waist Overhead






















































































Table 29 Summary of Statistical Results for Rating of Perceived Exertion for the Right 
Shoulder (Percent)
Wheel Orientation Floor Knee Shoulder Waist Overhead
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Table 30 Summary of Statistical Results for Rating of Perceived Exertion for the Left
Shoulder (Percent)























































































Table 31 Summary o f Statistical Results for Rating of Perceived Exertion for the Low 
Back (Percent)
Wheel Orientation Floor Knee Shoulder Waist Overhead
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The configurations that generated the greatest perceived exertions were the floor 
height with the circular handwheel and vertical orientation for the right wrist, and floor 
height with the quarter arc handwheel and sideways orientation for the left wrist. The 
greatest perceived exertion for the right arm was found at the shoulder height with the 
quarter arc handwheel and sideways orientation, and for the left arm it was the waist 
height with the circular handwheel and vertical orientation. The configuration o f waist 
height with the custom handwheel and horizontal orientation was perceived to create the 
most exertion for the right shoulder, as was shoulder height with custom handwheel and 
horizontal orientation for the left shoulder. Floor height with the circular handwheel 
and horizontal orientation caused the greatest exertion of the low back. The 
configurations that generated the least perceived exertions were at the overhead height. 
The circular handwheel in the sideways orientation caused the least exertion o f the right 
wrist and right shoulder and in the horizontal orientation that wheel required the least 
exertion for the left wrist. The same handwheel in the vertical orientation was least 
taxing for the right arm, left shoulder and low back. The left arm was least exerted by 
the quarter arc handwheel in the horizontal orientation.
Analysis of variance was conducted using MANOVA in order to address the 
interrelationships between dependent measures and possible increases in type I error. 
Type I error is the error associated with rejecting the null hypothesis of insignificant 
differences between variables or levels of variables when in fact the differences are 
insignificant. Multiple analysis of variance was significant for all main effects and 
interactions at the 0.0001 level with the exception of the interaction of wheel and 
orientation which was significant at the 0.0014 level. Following the recommendations
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o f Hummel and Sligo (1971), analysis proceeded as outline before with individual 
ANOVAs. The MANOVA is summarized in Table 32.
Table 32 MANOVA Test Criteria and F Approximations for RPE Data
Source Wilk’s
Lambda
F Pr > F
Subject 0.04 23.92 0.0001
Height 0.39 47.59 0.0001
Wheel 0.91 8.07 0.0001
Orientation 0.91 7.84 0.0001
Height* Wheel 0.78 5.66 0.0001
Height* Orientation 0.77 5.99 0.0001




Due to the significance o f the three-way interaction, the simple effects method 
o f Keppel (1982) was used as discussed in Chapter 3.2.4. For all seven body parts 
evaluated, when the orientation was controlled to evaluate the interaction of height of 
exertion and handwheel, all interactions for all three levels or orientation were 
significant (p < 0.0022), as were all interactions for all three levels when controlling the 
handwheel and evaluating the interactions of height of exertion and orientation of the 
handwheel (p = 0.0001). When controlling the height o f exertion, the only interactions 
o f handwheel and orientation of the handwheel that were significant were for the 
overhead height (p =0.0001).
The third step was then to examine the significant interactions found in step two 
by controlling one of the two remaining variables in the interaction. When controlling 
the height o f exertion and orientation o f the handwheel the effect of handwheel was 
significant only in the cases of the overhead height when using the sideways and 
vertical orientations, for all body parts except the low back. In the case o f the low back
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the configuration of the shoulder height and sideways orientation was also significant.
When controlling the height o f exertion and handwheel the effect of orientation was
significant only in the cases o f the overhead height with the quarter arc and custom
handwheels, for all body parts except the right shoulder and low back. In the case o f
the right shoulder the configuration of the shoulder height and custom handwheel was
significant. In the case of the low back the configurations of the knee height and
custom handwheel and shoulder height and quarter arc handwheel were also significant.
The effect of height was not further analyzed because the only significant height was
the overhead height, which we know was significant because of the configurations that
subjects were not able to complete. These analyses are summarized in Table 33.
Table 33 Summary of Significant Interactions for Ratings of Perceived Exertions 
F — floor, k — knee, w- waist, s — shoulder, o — overhead, c — circular, q -quarter arc, t — 
custom, h — horizontal, s — sideways, v - vertical
Interaction Body Part Height Wheel/
Orientation




Right Wrist o q 65.23 0.0001 H S  V
o t 58.13 0.0001 H S V
Left Wrist o q 60.19 0.0001 H S  V
o t 55.26 0.0001 H S  V
Right Arm o q 105.1 0.0001 H S  V
o t 114.8 0.0001 H S  V
Left Arm o q 84.6 0.0001 H S  V
o t 88.54 0.0001 H S  V
Right Shoulder o q 69.85 0.0001 H S  V
o t 75.17 0.0001 H S  V
s c 3.49 0.0306 V S H
Left Shoulder o q 65.51 0.0001 H S  V
o t 87.79 0.0001 H S  V
Low Back k t 4.1 0.0167 H V S
o q 43.25 0.0001 H S  V
o t 48.97 0.0001 H S V
s q 3.95 0.0193 S H V
(table con’d.)
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Interaction Body Part Height Wheel/
Orientation




Right Wrist o s 51.01 0.0001 C Q T
o V 74.04 0.0001 C Q T
Left Wrist o s 50.45 0.0001 C Q T
o V 63.11 0.0001 C Q T
Right Arm o s 108.9 0.0001 C Q T
o V 98.14 0.0001 C Q T
Left Arm o s 89.69 0.0001 C Q T
o V 84.66 0.0001 C Q T
Right Shoulder o s 62.13 0.0001 C Q T
o V 63.87 0.0001 C Q T
Left Shoulder o s 74.68 0.0001 C Q T
o V 61.03 0.0001 C Q T
Low Back o s 34.27 0.0001 C Q T
o V 33.07 0.0001 C Q T
s s 4.75 0.0088 Q T C
The final step in the analysis was to search for significant simple comparisons 
using the Tukey test. Significant interactions from the previous step were tested for 
significant simple comparison. It should be noted that the error term used for 
calculating all F ratios was the model error term as outlined by Keppel (1982). The 
results of the Tukey comparisons are shown in Table 33 above.
4.1.4 Result o f the Biomechanical Analysis
In order to examine further the effects of these torque exertions and the 
perceptions of their effects on the body a biomechanical analysis was conducted on the 
postures assumed by one of the subjects for the forty-five postures. These postures 
were representative o f the postures assumed by all subjects. Posture was controlled by 
specifying the position of the feet and hands. Tables 34 through 40 summarize the disc 
compression and percentage of the population capable of performing the exertions as 
calculated by the 3DSSPP software.
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Table 34 Percent Capable for the Elbow Joint Examining all Configurations
Wheel Orientation Floor Knee Shoulder Waist Overhead
Circular Horizontal 98 51 99 99 82
Circular Sideways 76 96 99 99 97
Circular Vertical 100 99 99 99 87
Quarter arc Horizontal 97 0 100 99 86
Quarter arc Sideways 91 94 96 98 NA
Quarter arc Vertical 99 8 99 53 NA
Custom Horizontal 97 82 94 98 41
Custom Sideways 99 98 98 97 NA
Custom Vertical 99 99 93 95 NA
Table 35 Percent Capable for the Shoulder Joint Examining all Configurations
Wheel Orientation Floor Knee Shoulder Waist Overhead
Circular Horizontal 97 76 90 86 90
Circular Sideways 31 78 69 48 97
Circular Vertical 94 96 92 97 56
Quarter arc Horizontal 96 0 79 78 89
Quarter arc Sideways 58 76 10 87 NA
Quarter arc Vertical 55 22 72 78 NA
Custom Horizontal 94 63 64 62 74
Custom Sideways 96 93 42 16 NA
Custom Vertical 20 86 87 97 NA
Table 36 Percent Capable for the Trunk Joint Examining all Configurations
Wheel Orientation Floor Knee Shoulder Waist Overhead
Circular Horizontal 99 97 99 99 99
Circular Sideways 98 96 98 96 99
Circular Vertical 98 97 98 99 89
Quarter arc Horizontal 99 98 99 99 99
Quarter arc Sideways 98 96 98 98 NA
Quarter arc Vertical 98 96 98 99 NA
Custom Horizontal 99 97 99 99 99
Custom Sideways 98 96 98 95 NA
Custom Vertical 98 96 98 98 NA
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Table 37 Percent Capable for the Hip Joint Examining all Configurations
Wheel Orientation Floor Knee Shoulder Waist Overhead
Circular Horizontal 97 93 98 99 99
Circular Sideways 95 88 98 94 98
Circular Vertical 94 74 98 98 99
Quarter arc Horizontal 98 94 98 98 99
Quarter arc Sideways 95 89 94 96 NA
Quarter arc Vertical 91 61 97 98 NA
Custom Horizontal 98 93 98 98 99
Custom Sideways 96 89 97 94 NA
Custom Vertical 89 65 99 98 NA
Table 38 Percent Capable for the Knee Joint Examining all Configurations
Wheel Orientation Floor Knee Shoulder Waist Overhead
Circular Horizontal 82 95 99 99 99
Circular Sideways 94 86 99 99 99
Circular Vertical 95 91 99 99 99
Quarter arc Horizontal 64 95 99 99 99
Quarter arc Sideways 88 85 99 99 NA
Quarter arc Vertical 96 99 99 100 NA
Custom Horizontal 63 95 99 99 99
Custom Sideways 85 86 99 99 NA
Custom Vertical 93 74 98 99 NA
Table 39 Percent Capable for the Ankle Joint Examining all Configurations
Wheel Orientation Floor Knee Shoulder Waist Overhead
Circular Horizontal 97 89 99 99 99
Circular Sideways 90 78 98 97 99
Circular Vertical 87 75 99 99 99
Quarter arc Horizontal 98 87 99 99 99
Quarter arc Sideways 92 75 100 98 NA
Quarter arc Vertical 80 99 99 99 NA
Custom Horizontal 98 88 99 99 99
Custom Sideways 93 76 98 97 NA
Custom Vertical 72 77 99 99 NA
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Table 40 Compression o f the L5/S1 Joint Examining all Configurations (N)
Wheel Orientation Floor Knee Shoulder Waist Overhead
Circular Horizontal 3575.80 2904.4 940.4 559.6 509.7
Circular Sideways 3296.7 2547.2 1191.7 1993.1 633.7
Circular Vertical 2750.1 2359.7 563 588.7 183.3
Quarter arc Horizontal 1991.6 2153.6 648.7 542.8 339.2
Quarter arc Sideways 2967.1 2459.8 1406.8 1656.4 NA
Quarter arc Vertical 3068.6 3208.1 844.6 940 NA
Wheel Orientation Floor Knee Shoulder Waist Overhead
Custom Horizontal 1979.2 2137.2 623.6 502.6 348.7
Custom Sideways 2774.4 2389 1381 2069.1 NA
Custom Vertical 3020.6 2580.6 349.1 765.2 NA
Figures 21 through 25 illustrate that as the force generated by the hands 
increases, the compressive force at the L5/S1 joint increases. The figures presented 
represent those configurations where the design limit was exceeded by either the 





Force Exerted by each Hand (N)
250
79.39 kg. mass » 92.10 kg. mass Design Limit
Figure 21 Plot of the L5/S1 Compressive Forces for Different Force Exertions (Quarter 
arc Flandwheel, Vertical Orientation, Floor Height)
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Force Exerted by each Hand (N)
♦ 79.39 kg. mass « 92.10 kg. mass Design Limit
Figure 22 Plot o f the L5/S1 Compressive Forces for Different Force Exertions (Custom 
Handwheel, Vertical Orientation, Floor Height)
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Forces Exerted by each Hand (N)
250
79.39 kg. mass # 92.10 kg. mass ± Design Limit
Figure 23 Plot o f the L5/S1 Compressive Forces for Different Force Exertions (Quarter 
arc Handwheel, Vertical Orientation, Knee Height)
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Forces Exerted by each Hand (N)
79.39 kg. mass 92.10 kg. mass Design Limit
Figure 24 Plot o f the L5/S1 Compressive Forces for Different Force Exertions (Quarter 
arc Handwheel, Sideways Orientation, Floor Height)
79.39 kg. mass 
92.10 kg. mass 
Design Lirrit
Figure 25 Plot o f the L5/S1 Compressive Forces for Different Force Exertions 
(Circular Handwheel, Sideways Orientation, Floor Height)
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4.1.5 Predictive Models
The application o f this research to an industrial population was intended to be by 
application o f a prediction model for torque exertion. Discussion follows on the 
development o f the prediction equations and their applicability to the industrial 
population.
Development of a Predictive Equation
The torque exertions made during this experiment provided a resource for the 
prediction of torque exertion of other students who may one day represent new 
employees of oil and gas companies. It was, therefore, desirable to develop a prediction 
equation for torque exertion based on the data collected. Specifically, it was hoped to 
develop an equation based on isometric shoulder, arm, trunk and composite strength, 
dominant and non-dominant grip strength, subject height, subject weight, height o f 
torque exertion, orientation o f handwheel and handwheel type for the prediction o f 
torque exertion.
Linear regression and forward stepwise linear regression were used to develop 
the predictive equations based on one half o f the data set. The concept o f  training a 
model with part of the data set and testing it against another part o f the data set, or the 
train-test method was used to overcome resubstitution bias in validating the model 
(Clancy, 1997). The linear regression method is commonly used and is not reviewed 
here. The stepwise linear regression model is slight less common. This method uses a 
series of regressions in succession, which includes an additional variable in the 
regression at each step. It is an efficient search procedure because it does not consider 
every regression equation, only the most promising. First, regressions o f  each
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independent variable on the dependant variable were conducted and the independent 
variable that explained the greatest variation in the dependant variable was retained. 
Regression o f that variable with each additional variable was conducted. The process 
continued adding one variable at a time until no further reduction in unexplained 
dependent variable variation was found (Lapin, 1990). A sample coefficient of 
determination o f 0.85 was set as the minimum desired level. The sample coefficient of 
determination is an expression o f what proportion o f the variation in the torque is 
explained by the model. Finally, an attempt was made to validate the equations with the 
second half o f the data.
Initial attempts at the development of a predictive equation followed the process 
outlined as follows:
• Simple linear regression for the overall model with all data and all variables.
• Evaluation o f data plots to identify probable transformations.
• Simple linear regression with the square, square root, cube, cube root, log, natural 
log, and reciprocal of each value and combinations of these values.
• Simple linear regression based on controlling all possible combinations o f two 
variables.
• Simple linear regression when controlling two factors and considering all possible 
variable cross products and squares of all variables.
• Stepwise regression for the overall model with all data and all variables.
• Stepwise regression with the square, square root, cube, cube root, log, natural log 
and reciprocal of each value and combinations o f these values.
• Stepwise regression based on controlling all possible combinations o f two variables.
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• Stepwise regression when controlling two factors and considering all possible 
variable cross products and squares o f all variables.
• Stepwise regression utilizing the maximum R function for the overall model with all 
data and all variables.
• Stepwise regression utilizing the maximum R function with the square, square root, 
cube, cube root, log, natural log, and reciprocal o f each value and combinations of 
these values.
• Stepwise regression utilizing the maximum R function based on controlling all 
possible combinations of two variables.
• Stepwise regression utilizing the maximum R function when controlling two factors 
and considering all possible variable cross products and squares of all variables. 
Overall, the attempts at developing one or a set o f predictive equations has proven
unfruitful. The attempts at an overall model, one including transformed variables and 
even those considering cross products based on simple regression resulted in models 
with sample coefficients of determination at levels from 0.67 to 0.36. The plots o f the 
raw data and transformed data were not o f assistance in identifying possible successful 
transformations for use in the model. Though the plots of the data indicated that a 
linear relationship was likely, and based on the findings of Woldstad et al. (1992 and 
1995) where a linear relationship was derived, the lack of successful model 
development encouraged the use of the stepwise procedure. This approach was taken 
based on the hypothesis that the large number o f potential candidate variables and 
confounding between these variables might cause the generation of an irrelevant model.
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The stepwise procedure again generated overall and transformed models with 
insufficient sample coefficients of determination. Improvement was seen in the 
development o f multiple models when controlling two of the three research variables 
(wheel and orientation) and this was pursued further by considering all possible cross 
products and squares of all variables left in the models. These models generally 
explained 71% to 34% of the variation in the torque generated. In order to determine if 
improvements were possible for these models, the maximum R option in the stepwise 
analysis procedure was used. The maximum R option developed the best 1 to N 
variable models based on an N indicated in the programming with a maximum o f 20 
variables in the model. The maximum R option determined if removing one variable in 
the current model and replacing it with another variable increased the sample coefficient 
of determination. Comparisons were made until the largest sample coefficient o f 
determination had been found for that model size. The maximum R option did not 
guaranteed to find the largest sample coefficient o f determination. The output o f the 
maximum R option was then reviewed and the largest model that resulted in an increase 
of sample coefficient o f determination greater than 0.005 was determined. It was then 
decided that the models developed using the stepwise method were more suitable than 
those developed using the maximum R option. This was decided because the slight 
increase in the sample coefficient of determination seen when using the maximum R 
option came at the cost o f nearly doubling the number of variables in the models. The 
models developed using the maximum R option also included variables that were not 
significant within the ranges established for the more conservative stepwise procedure. 
The best equations developed are reported in Table 41.
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Table 41 Equations for Prediction of Torque Exertion Based on Anthropometric, 
Isometric Strength and Task Variables
Handwheel Orientation Group R square Equation
Circular Horizontal A 0.7147 Torque = 23.9962 - 0.004516*D*R + 
0.00005512*L*N + 0.0005484*N*R + 
0.00006734*R*T
Circular Horizontal B 0.829 Torque = 38.3645- 0.00005432*A*L - 
0.00037418*A*N - 0.0004580*D*R + 
0.0001338*L*N - 0.0002278*N*N + 
0.001219*N*R - 0.2864*R - 0.2308*A
Circular Sideways A 0.6235 Torque = 32.8914 - 0.0001322*A*A + 
0.0003322*A*N - 0.006715*D*H + 
0.001723*H*H + 0.00006292*L*N - 
0.0002121 *N*N+ 0.0001063 *R*T
Circular Sideways B 0.6738 Torque = -9.03241- 0.01002*D*H + 
0.001608*H*H + 0.0001546*L*N - 
0.0006414* L*W + 0.0003222*R*H + 
0.7931*W
Circular Vertical A 0.5512 Torque = 15.9129 + 0.00003480*L*T + 
0.001027*N*W
Circular Vertical B 0.5989 Torque = -7.2239 - 0.001424*D*W - 
0.00002102*L*L + 0.002170*N*W + 
0.02798*R + 0.06206* L
Quarter arc Horizontal A 0.6657 Torque = 29.2953 - 0.003344*D*R + 
0.00008711 *L*T + 0.0004836*N*R - 
0.0002272* R*H
Quarter arc Horizontal B 0.6782 Torque = 32.1672 + 0.00003352*A*R - 
0.0001677*D*L - 0.0001316*L*H + 
0.0002632*L*N + 0.00007812*T*T
Quarter arc Sideways A 0.6444 Torque = -378.1846 + 0.0006271 *A*D - 
0.002092*A*S - 0.06952*D*D - 
0.09512*D*W + 0.00007317*L*T + 
0.0003230*N*R - 0.001196*R*W + 
0.009495*S*W + 4.6006* W + 9.5781*D
Quarter arc Sideways B 0.5561 Torque = 104.4289 - 0.00002788* A*L + 
0.00005390*D*R + 0.0001309*L*T - 
0.4517*S
Quarter arc Vertical A 0.6614 Torque = 15.9144 - 0.002298*D*R - 
0.00004291 *L*L + 0.0005656*L*T - 
0.0007756*L*W + 0.0002869*N*R + 
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Handwheel Orientation Group R square Equation
Quarter arc Vertical B 0.5918 Torque = 16.6055 - 0.0003754*D*T + 
0.0003242*L*W + 0.00052077*N*T + 
0.0008622 *W*H
Custom Horizontal A 0.5748 Torque = 27.3582 - 0.00006996* A*R + 
0.00007977*L*N - 0.0003560*R*H - 
0.0001445*R*T + 0.002170*R*W
Custom Horizontal B 0.6018 Torque = 36.6210 + 0.00005616*L*N - 
0.0003584*R*H - 0.0002045*R*T + 
0.001916*R*W
Custom Sideways A 0.4007 Torque = 75.3935 - 0.00008889*A*R + 
0.00009421 *L*T + 0.001232*R*W - 
0.001823*S*S
Custom Sideways B 0.3414 Torque = 13.01313 +0.0001762* R*T + 
0.3924*W
Custom Vertical A 0.7529 Torque = -29.1467 - 0.01087*D*H + 
0.0003157*L*H + 0.0002941 *L*N - 
0.0007810*L*S - 0.0004036*N*N - 
0.0003354*N*R + 0.00009495*R*R + 
0.001102*R*W+ 0.003865*W*H + 
0.4247*N
Custom Vertical B 0.7675 Torque = -865.0282 - 0.007896*D*N + 
0.01387*D*S - 0.0009017*H*H + 
0.0002438*L*H + 0.001995*N*T - 
0.02202*S*T + 5.3086*S + 3.1848*T
A = isometric arm strength (N), D= dominant grip strength (N), H = height o f exertion 
(cm.), L = isometric composite strength (N) , N = non dominant grip strength (N), R = 
isometric shoulder strength (N), S = stature (cm.), T = isometric trunk strength (N), W = 
subject weight (kg.)
It should be noted that despite all of the effort, the models chosen remained well
below the target sample coefficient o f determination. The inadequacy o f the models
was further revealed during the cross validation procedures as indicated in Table 42.
Table 42 Average Percentage that the Model Torque was over the Actual Torque when 
Cross Validating the Models
Wheel Orientation Group A Group B
Quarter arc Horizontal 40.24 157.82
Quarter arc Sideways 308.93 28.19
Quarter arc Vertical 22.18 53.86
(table con’d.'
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Wheel Orientation Group A Group B
Circular Horizontal 28.34 288.18
Circular Sideways 27.24 19.15
Circular Vertical 18.14 59.32
Custom Horizontal 34.25 32.21
Custom Sideways 26.36 30.13
Custom Vertical 21.75 26.48
Wheel Orientation Group A Group B
Quarter arc Horizontal 40.24 157.82
Quarter arc Sideways 308.93 28.19
Quarter arc Vertical 22.18 53.86
It has been shown that none of the models cross-validated well with the
remaining data set. further supporting the conclusion that even the best models that
could be developed were insufficient. The lack o f adequate models was directly related
to the small sample size used in this analysis. The sample size was more than adequate
for the analysis o f variance performed on the torque exertion data discussed in Chapter
3.2.1, but falls short when used to develop prediction models. It is generally considered
necessary to have thirty samples for each potential variable in the model. In this case
the suggested sample size was 270 subjects.
4.2 Results Experiment Two
The results and discussion of experiment two clarified the effects of gloves on
two-handed torque exertion. Interesting results were also found for the comparison
between the two types of handwheels. The effect o f gender was seen to a greater extent
in the torque exertion task than expected.
Torques were converted to Newtons of force in order to examine the differences
in handwheel radius. It was then found that the average of all exertions made by
female subjects was 239.14 N (ct = 103.30) and the average of all exertions for males
was 517.41 N (cr = 162.00). When using the circular handwheel the average of all
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exertions was 403.72 N (ct = 180.10) and when using the quarter arc handwheel the 
average of all exertions was 432.33 N (ct = 210.98). All exertions made with the cotton 
glove with plastic dotting yielded an average exertion of 424.47 N (cr = 202.63), while 
the average for the leather glove was 408.23 N (ct = 189.52). The no glove condition 
exertions had an average force of 421.38 N (ct = 199.05). A detailed description o f the 
results are presented in Table 43.
Table 43 Summary Statistics for the Glove Data (N)
Male Male Female Female
Glove
Types































Analysis o f variance was conducted across all subjects at a 0.05 significance 
level. It was found that the model was significant, as were subject, gender, handwheel 
and glove at a significance level less than 0.0005. None o f the two way or three way 
interactions proved significant as shown in the Analysis of Variance summary (Table 
44). It was of interest to note that the interaction of gender and wheel was very near the 
alpha level of 0.05 chose for this analysis. Review o f the means in Table 43 indicated 
that for males the quarter arc handwheel was always superior but that for females the 
circular handwheel allowed for the generation o f  greater torque without gloves and with 
the cotton glove.
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Table 44 ANOVA for Force Variable




F value Pr > F
Gender 1 2381392.46 2381392.46 27.02 0.0001
Subject(Gender) 26 2411930.96 92766.57 32.25 0.0001
Wheel 1 333055.90 333055.90 115.79 0.0001
Glove 2 33412.44 16706.22 5.81 0.0038
Gender* Wheel 1 11092.32 11092.32 3.86 0.0517
Gender* Glove 2 3953.40 1976.70 0.69 0.5048
Wheel* Glove 2 4389.58 2194.79 0.76 0.4683
Gender* Wheel* Glove 2 838.71 419.35 0.15 0.8645
Error 130 373943.74 2876.49
Total 167 5627690.007
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Chapter Five: Discussion
The results o f these two studies answered several questions and posed others 
related to the work. The relation of this work to current literature underscores the void 
that this research now fills.
5.1 Discussion of Experiment One
This discussion includes the anthropometric and isometric strength data as well 
as the findings related to the torque experiment with its ratings of perceived exertion.
An explanation o f the importance of the biomechanical analysis and comments on the 
development o f the predictive model are also included.
5.1.1 Discussion of Anthropometric Results
A review o f the anthropometric data for the student subjects and NASA (1978) 
standard data shows little variation (Table 13). A cursory review o f the data indicates 
that with the exception of weight, ankle height and abdominal depth the data collected 
was similar to the standard data. It is o f interest to note that the majority o f the student's 
mean anthropometric measurements (81.25%) were within 10% of the standard data, 
even though the student subjects were ethnically diverse. Ankle height and abdominal 
depth were both 15% less than the standard data and weight was 18% greater. 
Differences in weight can most probably be traced to the change in American diet since 
the collection o f the standard data from the 1950s. The large differences in ankle height 
and abdominal depth would appear were apparent anomalies which cannot be 
explained.
Strength data for the student subject group was then compared to data in three 
published studies (Table 14). Comparison was made to this published data in place of
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the standard data because the standard data did not include these types o f measures. 
Comparison o f the arm strength shows that the student data was much higher than any 
of the three studies. Shoulder strength for the student population and Chaffin and 
Andersson’s (1991) industrial population were comparable with Mital and 
Manivasagan’s (1984) student population. The trunk strength measurements for the 
student subjects were very different from the reported data. This anomaly in the data 
for the student subjects was attributed to discomfort and insecurity about the task 
expressed by all but two of the student subjects. These two factors may have prevented 
them from making their maximal exertion. The composite strength measurements were 
comparable across all of the studies as was dominant grip strength with Woldstad et al. 
(1985).
5.1.2 Discussion of Torque Data Results
The torque data gathered was novel in comparison to every study currently 
available. It was of interest, then, to compare the data with research on valve operation 
in actual oil and gas facilities. Jackson et al. (1992) made measurements of the torques 
required to initiate the opening of 217 valves in a chemical plant. In that chemical 
plant valves were found with both horizontal and vertical stem orientation, positioned 
close to the ground up to overhead. The valves were of various sizes. The data 
gathered indicated that 444.82 N of force at a distance o f 91.44 cm. from the valve stem 
or 407 Nm o f torque was sufficient to crack 93% of the valves. It should be noted that 
the maximum torque generated in this experiment was 255.57 Nm, which is in no way 
comparable to 407 Nm. A maximum value to open all of the valves was not reported. 
Parks and Schulze (1998) conducted a similar study. These researchers evaluated the
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effects o f handwheel size, operating position, in-line pressure range, and height from 
grade. This study reported that handwheel size was significant in determining operating 
torque, as was operating position of the valve, in-line pressure and height from grade. 
Mean torques for operating these valves ranged from 98 to 225 Nm. In the current 
experiment only 19.16% of the exertions were in the range o f 98 to 225 Nm. The 
research o f Wood et al. (2000) is also o f interest for comparison. That study evaluated a 
vertically oriented wheel approximately 25% larger than the wheels used in Experiment 
One. At a height o f 50.8 cm. reported in Wood et al. (2000) the mean torque was 43.52 
Nm as compared to 89.83 Nm at 57 cm. in Experiment One. Similarly, Wood et al. 
(2000) reported exertion o f47.59 Nm at a height of 152 cm. as compared to 76.72 Nm 
at 153 cm. in Experiment One. This corresponds to 76.8% greater torque in Experiment 
One as compared to Wood et al. (2000) at knee height and 61.21% greater torque in 
Experiment One as compared to Wood et al. (2000). It was expected that with a 
handwheel 25% larger than those used in Experiment One that Wood et al. (2000) 
would have reported similarly larger torque exertions.
Analysis o f Experiment One was first conducted on the torque data 
independently of the data for ratings o f perceived exertion. This was due to the 
difference in the type o f information represented by these dependant variables. There 
were then several interesting conclusions and observations based on the torque data to 
discuss.
The most valuable information was seen in the analysis o f the two way 
interactions, due to the significance o f the three-way interaction. When examining the 
effect o f orientation on the height of exertion and handwheel (Table 18) it was shown
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that the vertical orientation generated the greatest forces in all but one configuration 
where the vertical configuration was completed. The vertical orientation was not 
significantly different from the horizontal orientation in several configurations, 
particularly those at waist and shoulder height. The data indicated, that in a large 
number of the configurations, the horizontal and sideways orientations were not 
distinguishably different. This improved performance in the vertical orientation could 
be attributed to several factors including greater familiarity with the task in this 
configuration and the position of the elbow and wrists joints when the handwheel is 
positioned vertically. Similar results were reported by Shih et al. (1997) when 
examining small handwheels with a single-handed exertion at shoulder height. It was 
also reported in Wood et al. (2000) that Schulze (1997) found orientation of the 
handwheel was insignificant, though it is not possible to comment further on that 
conclusion without details o f the study. The effect o f  wrist posture is hypothesized to 
have been the most likely explanation for the improved performance when exerting 
torque in the vertical orientation. In the vertical orientation the wrists remained in a 
more neutral posture than for turning in the horizontal and sideways postures, especially 
at knee and floor heights. It should be noted that issues related to familiarity with the 
task were addressed by allowing subjects familiarization time for the task and were 
further addressed by the use o f double randomized orders of testing the configurations 
to eliminate the effect o f task learning.
The effect o f handwheel on the interaction o f  the height of exertion and 
orientation of the handwheel (Table 19) indicated that the custom handwheel allows for 
the generation o f the significantly greatest torque. A notable exception was the use o f
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the overhead height, where four of the configurations were not completed for all 
handwheels. The circular and quarter arc handwheels were significantly different from 
the custom handwheel and not significantly different from each other in every case but 
that of the horizontal orientation at floor height where each wheel was significantly 
different from the others. The superiority o f the custom handwheel may be attributed to 
several factors including the use of handwheel posts 3.8 cm. in diameter, the use of two 
vertical posts for grip or the slightly larger diameter of the custom handwheel. The use 
of handwheel posts 3.8 cm. in diameter was based on the findings of Ayoub and Lo 
Presti (1971) and Drury (1980) that indicated greatest force generation at this handle 
diameter. Replogle (1983) reported total grip force was proportional to the diameter of 
the grip surface with maximum torque at 1.5 times the grip span for handles. The 
findings o f Ayoub and Lo Presti (1971), Drury (1980), and Replogle (1983) were 
supported by these results with caution due to the possible confounders listed 
previously. The use of two vertical posts for the construction of the handwheel may 
also be a contributing factor to the superiority o f the custom handwheel. It may be that 
the vertical posts allowed for more frequent use of a neutral wrist position as the hands 
can be rotated around the posts to provide a full grip of the post and neutral wrist angle. 
Finally, the effect o f the handwheel size must also be addressed. It should be noted that 
repeated analysis based on conversion o f the torque data to force yielded no significant 
differences in conclusions. There were no other studies found that compared different 
types of handwheels for a two-handed exertion.
The effect o f height on the interaction o f the handwheel and the orientation of 
the handwheel (Table 20) was not as clear. This data was difficult to interpret because
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there was little significant difference between the heights used in this experiment with 
the exception of the overhead height. In most o f the significant interactions between 
the type of handwheel and the orientation o f the handwheel the differences in height 
were not significant. The exceptions were when floor height was significantly different 
from waist height and in the case of the custom handwheel in the horizontal orientation, 
shoulder heights. The overhead exertions were generally significantly different from 
the other heights due to the physical inability of the subjects to generate torque in four 
o f the configurations. The single exception was the case of the sideways orientation o f 
the circular handwheel, which was not significantly different from knee, waist or 
shoulder height. These two conclusions would indicate that the effect o f height was not 
a critical variable in the prediction of torque generation unless extreme postures (i.e. 
floor and overhead levels) were used. The insignificance of the effect o f height 
between knee and shoulder heights was supported by Huston (1984), Mital and 
Sanghavi (1986) and Wood et al. (2000). Shih and Wang (1997a) did report significant 
height effect when heights included an overhead level for a single-handed small 
handwheel exertion. Parks and Schulze (1998) also found significance o f height o f 
exertion in a field study o f valves in a plant. It was found that valves at heights o f 228.6 
cm. and 50.8 cm. were significantly different from other heights. This would support 
the significance o f the overhead height but may contradict findings about the knee 
height in this experiment. It was also reported in Wood et al. (2000) that Schulze
(1997) found that height o f the exertion was significant, though it is not possible to 
comment further on that conclusion without details o f the study. The most notable 
difference between height levels was seen when comparing floor height, which was
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shown in most o f the significant configurations, to be significantly different and greater 
than waist and shoulder heights. This could have been due to a more neutral position of 
the elbow and a short reach distance, as well as postural differences. At the floor level 
the elbows were closest to the resting position with the degree of upper arm abduction 
increasing with the height o f exertion. The effects o f reach may also have an effect on 
the torques subjects were able to generate at different heights. At lower heights subjects 
were able to bring the body closer to the handwheel.
Analysis o f the modified data was conducted in the same manner with nearly 
identical results. The differences seen between the two sets o f results were explained 
by examining the data points associated with the overhead height.
When comparing the interactions between height of exertion and handwheel 
(Table 22), it should be noted that both data sets yield the same conclusion and 
significant conditions. This was because these specific interactions examine the effect 
o f orientation. When comparing the interaction between height of exertion and 
orientation of the handwheel (Table 23) there were two differences between the 
conclusions o f the two data sets. First, the effect o f handwheel on the interaction o f 
overhead height and vertical and sideways orientations was significant in the full data 
set. These two interactions became irrelevant without the inclusion of the overhead 
data. The second difference was the significance o f the effect of handwheel on the 
interaction o f waist height and vertical orientation (p = 0.0534 full data set, p = 0.0274 
without overhead data). This change was associated with the change in the error term 
for the different analyses. Review of the means for each level of the interaction 
indicates that the mean torque for the custom handwheel was 16.7% greater than the
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quarter arc handwheel and the circular handwheel was 3.4% greater than the quarter arc 
handwheel. Finally, there were two difFerences between the conclusions of the two data 
sets when examining the interaction between handwheel and the orientation of the 
handwheel (Table 24). The insignificance of the interactions between the quarter arc 
and circular handwheels and the horizontal orientation was due to the removal of the 
overhead height which was the only height significantly different from the other heights 
in the analyses based on the full data set.
Based on the results o f this experiment the following recommendations can be
made:
• When operating a handwheel at knee and floor heights a vertically oriented 
handwheel should be used.
• When operating a handwheel at shoulder and waist heights a horizontally or 
vertically oriented handwheel could be used.
These recommendations were those also made by the American Bureau of Shipping
(1998) and Moore and Miller (1998).
• The overhead placement of valves should be avoided as less torque can be generated 
overhead if any can be generated.
• Based on the three handwheels evaluated, the use of a handwheel with the largest 
practical radius and two vertically positioned posts should be used if available.
5.1.3 Discussion of Rating o f Perceived Exertion Results
In reviewing the summary data on the RPEs it was interesting to note that there 
were seeming inconsistencies in the ratings. When examining the mean RPE data for 
the different types of handwheels the circular handwheel was the most exerting on
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every body part. In general, the quarter arc handwheel was perceived as requiring the 
second most exertion, though it required the least exertion for the shoulders and low 
back. This would seem inconsistent with the torque data indicating that use of the 
custom handwheel lead to the generation o f the greatest torque. It was expected that the 
handwheel with the greatest mean torque would have the highest rating of perceived 
exertion, though these results would support the idea that the custom design was the 
least physically taxing. The circular handwheel had the second greatest mean torque.
In reviewing the RPE data for the different orientation of exertion the results equally 
perplexing. Clearly the horizontal orientation was seen as the most taxing for all of the 
body parts. The data on the wrists both indicated that the sideways orientation was the 
least taxing but the data on the arms and shoulders indicated that the sideways 
orientation was more taxing than the vertical orientation for the right arm, right shoulder 
and low back. It seemed that the sideways orientation was the least taxing for the right 
side of the body as the shoulder angle was small and the elbow and wrist were in neutral 
positions. This suggests that either the horizontal or vertical orientation be used.
Review of the data summarized by height of exertion displays no pattern or 
organization with the exception of the fact that the overhead height was the least taxing. 
Based upon these seeming inconsistencies the analysis of the ratings o f perceived 
exertions did not proceed to include analysis without the overhead data, which has been 
seen in the torque analysis to conceal some interactions. It should be noted that the 
RPEs were made by student subjects who had limited experience with the task and that 
subjects frequently reported that they were uncomfortable making these types of 
judgements.
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5.1.4 Discussion o f Biomechanical Analysis Results
The output o f the biomechanical analysis should be viewed in light of the 
assumptions upon which the software and the models were based. The models were 
based on several assumptions regarding the distribution o f forces at the hands and the 
joint angles used. The models used were based on the assumption that the average force 
o f the student subjects was distributed equally between the two hands, which may not 
be true for every exertion. The models also assumed that there was no abduction or 
adduction of the shoulder and that there was no axial rotation or lateral bending o f the 
trunk. The greatest assumptions were that the particular subject's measurements were 
representative of the subject group and that the manual goniometer was sufficiently 
accurate.
It was shown that one of the postures, circular handwheel at floor height in the 
horizontal orientation, exceeded the design limit though no configuration exceeded the 
upper limit. It was also shown that L5/S1 disc compression was greatest at floor height 
due to the extreme curvature o f the lumbar spine, awkward posture and great reach 
causing large moments at the low back. Conversely, the L5/S1 disc compressions seen 
at the overhead heights were the least because the forces were exerted directly along the 
spinal column. As the height o f exertion decreased, the L5/S1 disc compression 
increased with the curvature o f the trunk. The L5/S1 disc compressions were also 
generally greatest for the sideways orientation followed by the vertical and horizontal 
orientations. This may be attributed to several factors including use of an inefficient 
posture due to the novelty o f the configuration and greater reaches in the sideways and 
vertical orientations. This trend was seen regardless o f the inclusion of overhead tasks.
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The differences between L5/S1 disc compression for the different handwheels was 
negligible with L5/S1 greatest disc compression when using the quarter arc handwheel 
followed by the circular and custom handwheels.
The percentage capable reported for the elbow, shoulder, trunk, hip, knee and 
ankle joints were reported as a percentage of the population with the strength capability 
to generate a moment at that joint larger than the resultant moment caused by the 
exertion. Specifically, the percent capable was calculated as a function o f the resultant 
moment, mean strength, and standard deviation o f the mean strength. The percentage of 
the population capable o f generating the required elbow moment was greatest at 
shoulder height followed by floor, waist, overhead and knee heights. In the case o f the 
shoulder joint the greatest percentage o f the population could overcome the resultant 
moment at overhead height followed by waist, floor, shoulder and knee heights. The 
percentage o f  the population capable of exerting the required moment at the trunk was 
greatest at shoulder and floor heights followed by waist, overhead and knee heights.
For the knee joint the greatest percentage o f the population was capable of the required 
exertion at waist height followed by overhead, shoulder, knee and floor heights.
Finally, for the hip and ankle joints, the population percentages capable were greatest 
for overhead then shoulder, waist, floor and knee heights. This reflects greater ability 
near the more neutral postures of the shoulder and waist heights with greater stresses as 
the hip angle increases. It was also o f interest to note that for four of the joints the 
percentage o f the population capable o f the joint exertions was greatest when using the 
circular handwheel and for the trunk, hip and back the quarter arc handwheel had the 
greatest average percentage capable. A final consideration was the effect o f orientation
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of the exertion on the population percentage capable of generating the necessary 
moment. The elbow and low back joints were easiest to use for the larger part o f the 
population in the sideways orientation followed by the vertical and horizontal 
orientations. This might have been attributed to the neutral position o f the elbow of the 
right arm in these configurations, with increased angles at the elbow in horizontal and 
vertical orientations. The shoulder and trunk joints exhibited completely different 
behavior with easiest use in the horizontal orientation followed by vertical and sideways 
orientations. This may have been attributed to the increasing angles at the shoulder 
joint as the orientation becomes vertical. The joints o f the hip and ankle were easiest to 
accommodate with configurations in the horizontal orientation followed by sideways 
and vertical orientations. This was attributed to the greater reaches associated with 
these configurations. The knee joint was most capable in the vertical followed by the 
sideways and horizontal orientations. The figures illustrate that as the force generated 
by the hands increases, the compressive force at the L5/S1 joint increases pushing the 
compression toward the design limit. It also illustrates that a person with greater mass 
will generate greater compression of the L5/S1 than a lighter person. In those graphics, 
the 79.36 kg. body mass corresponds to the subject population and the 92.10 kg. body 
mass illustrates that point.
5.1.5 Discussion of Predictive Models
Despite the lack o f robust models for the prediction of torque exertion, the 
models that have been developed do provide significant insight into torque generation 
capabilities. In order to determine if prediction equations developed with the student 
subject data were applicable to an industrial population, a comparison of the
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anthropometric and isometric strength measurements was conducted. Research by 
Mital (1987) indicates that students and industrial workers respond to task variables in a 
similar fashion and it was expected that the same results would be seen with the two 
subject groups here. In addition, Mital (1987) has made an argument for the use of 
student subjects in such research. It was indicated that reasons for using student 
subjects include ease of availability and recruitment; cost considerations; greater 
reliability; and long term availability. It was, therefore, considered appropriate to use 
student subjects and it was anticipated that there was no significant difference in 
anthropometric or isometric strengths between the two populations.
Subjects
A subject group of a local oilfield service company was recruited in order to 
make comparisons of anthropometric and isometric strength measurements. The 
subject group included on site service personnel, management and warehouse staff that 
assembled the tools used at production sites. Measurements were made at their 
workplace during the normal workday. All persons at work on the days o f data 
collection were asked to participate in the experiment. Forty-seven males agreed to 
participate in the research. Their mean age was 36.15 (cr = 7.70) years. The mean 
height was 174.17 cm. (c  = 7.77) and mean weight was 92.10 kg. (cr = 17.02).
Methods and Procedures
Anthropometric data was collected on a sample o f persons working in the oil 
and gas industries. Six anthropometric and six isometric strength measurements were 
made to provide a database for designers of work areas, platforms, rigs and plants.
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These measures were chosen as a subset o f the measurements made with the student 
subjects due to time constraints.
Subjects were asked to participate in the experiment and were informed of all 
measurement to be made. Upon agreement to participate they were assigned a random 
number for use in recording data. Coding of data was done in order to  maintain 
confidentiality of data. Subjects completed profiles about their health and a consent 
form (Appendix). Subjects were provided an opportunity to ask questions and address 
concerns. Anthropometric measurements of weight, stature, and acromonial, waist, 
knuckle and knee heights were made in a random order, followed by the isometric 
strength measurements o f shoulder, arm, trunk and composite strength and dominant 
and non-dominant grip strengths made in a random order. Three trials for each strength 
measurement were made with two minutes of rest between trials and five minutes of 
rest between different strength measurements. All measurements were made as defined 
in Chapter 3.2.2.
Results and Discussion
The results o f the anthropometric study o f the industrial subjects indicated that 
this subject group was larger and stronger than the student subjects were. Comparison 
of this data to standard and other reported data follows.
Results
Multiple analysis of variance was used to compare the student subjects with the 
industrial subjects and indicated that isometric strength and anthropometric variables for 
the populations were significantly different. The Wilk’s Lamba statistics are 
summarized in Table 45.
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Table 45 MANOVA Test Criteria and Exact F Statistics for the Hypothesis of no 
Overall Subject Group Effect
Wilk’s Lamba Value F Pr > F
Anthropometric data 0.65 5.94 0.0001
Strength data 0.18 46.25 0.0001
Anthropometric measurements were made of the industrial and student subjects. 
Due to time constraints, the anthropometric measurements made on the industrial 
subjects were limited to basic height measurements. Table 46 summarizes the data on 
industrial and student subjects and standard data reported by NASA (1978).
Table 46 Summary of Subject Group and Standard Anthropometric Data
Industrial Student NASA
Measurement Subjects S.D. Subjects S.D. Data S.D.
Age (years) 36.15 7.70 23.03 5.40
Weight (kg.) 92.10 17.02 79.39 15.00 66.88 9.51
Acromonial height (cm.) 143.65 7.29 146.13 7.06 142.04 6.13
Ankle height (cm.) 10.03 1.58 11.80 1.36
Eye height (cm.) 164.79 7.11 164.34 6.02
Knee height (cm.) 50.57 4.14 54.15 3.75 49.44 2.32
Knuckle height (cm.) 77.26 4.66 81.13 20.34 78.31 3.89
Stature (cm.) 174.17 7.77 176.99 7.33 174.09 6.62
Waist height (cm.) 98.22 14.53 102.21 6.17 105.73 5.10
Abdominal depth (cm.) 18.99 3.00 22.34 2.18
Chest depth (cm.) 20.98 2.64 21.91 2.10
Foot length (cm.) 26.66 1.81 26.78 1.29
Hand length (cm.) 19.00 1.71 19.68 1.01
Hand width (cm.) 10.90 0.95 10.47 0.64
Horizontal reach (cm.) 79.64 5.72 87.86 4.15
Radial deviation (degs.) 43.83 13.21
Shoulder width (cm.) 41.42 3.11 39.68 1.91
Ulnar deviation (degs.) 49.82 9.62
Vertical reach (cm.) 126.18 7.15 124.51 4.81
It has been shown that for a large number of the measurements, the two subject 
groups did not vary practically from the standard data. Expressing the subject data as a 
percentage of the standard data, the following comparisons were made (Table 47).
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Age Chest depth 95.77
Weight 137.71 118.71 Foot length 99.56
Acromonial height 101.13 102.88 Hand length 96.56
Ankle height 85.03 Hand width 104.11
Eye height 100.27 Horizontal reach 90.65
Knee height 102.28 109.53 Radial deviation
Knuckle height 98.66 103.60 Shoulder width 104.39
Stature 100.04 101.67 Ulnar deviation
Waist height 92.89 96.67 Vertical reach 101.34
Abdominal depth 85.02
After examining the anthropometric comparisons o f the two subject groups it 
was then of interest to examine how the strengths o f these subject groups compared to 
other reported data and to each other. There was no standard data available for the 
particular strength measurements used in the NASA standard data, therefore requiring 
comparison to other published data (Table 48).
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The 5th and 95th percentiles for all measurements were then calculated by the
database. Calculations were made as outlined in Chapter 4.1.1. The data from the
database is summarized in Table 49 for the industrial subjects. Percentile calculations
for the student subjects have been reported previously in Chapter 4.2.1.
Table 49 5th and 95th Percentiles o f Anthropometric and Strength Measurements for 
the Industrial Subjects
Measure 5th 50th 95th
Stature (cm.) 161.73 174.17 186.91
Acromonial height (cm.) 131.99 143.65 155.6
Waist height (cm.) 74.97 98.22 122.04
Knuckle height (cm.) 69.8 77.26 84.91
Knee height (cm.) 43.95 50.57 57.35
Weight (kg.) 143.02 203.04 264.57
Composite strength (N) 173.05 299.5 429.11
Trunk strength (N) 111.51 171.76 233.52
Arm strength (N) 114.51 196.36 280.26
Shoulder strength (N) 106.72 174.11 243.17
Dominant grip strength (N) 38.96 53.77 68.94
Non-dominant Grip Strength (N) 37.38 51.59 66.16
Discussion
In review of the anthropometric data for the industrial subjects, student subjects 
and NASA standard data, there was little variation. A cursory review o f the data 
indicates that with the exception o f weight, the data collected were similar to each other 
and the standard data. All data with the industrial subjects was within 3% of the NASA 
data with the exception of weight, which was 37% greater. Strength data for the two 
subject groups was then compared to data in three published studies o f static strength 
generation. Comparison of the dominant grip strength shows the student data was 
similar to the research of Woldstad et al. (1995) with the industrial data slightly greater. 
The shoulder strength measurements for the student data were in line with the data 
collected by Mital and Manivasagan (1984), though the industrial subjects demonstrated
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much greater strength. The composite strength measurements for the student subjects 
were also similar to the data gathered by Mital and Manivasagan (1984) and Woldstad 
et al. (1995) and industrial subjects were approximately 30% stronger. The trunk 
strength measurements for the student subjects were very different from the reported 
data though the data, for the industrial subjects was comparable to the other studies 
reported here. The differences in the arm strength measurements from those reported 
were due to unknown variations.
In light of the significant difference between the student and industrial subjects 
and the inability to develop robust predictive equations for torque exertion it was not 
obvious as to how the knowledge gained from this research was applicable to the 
industrial population. The key to applying the knowledge attained here lay in the 
biomechanical analysis that was discussed in Chapter 4.1.4. It has been shown in the 
Figure 26 that as the weight o f the subject increases and as the force o f the exertion 
increases, the compressive forces at the L5/S1 rise dramatically pushing the exertion 
over the design limit. It has been shown that the industrial subjects were heavier than 
the student subjects creating a greater stress at the L5/S1 joint for equivalent exertions.
It has also been shown that the industrial subjects were significantly stronger than the 
student subjects. This would allow the industrial subjects to generate greater forces.
The greater force exertion would follow a curve representing the compression o f the 
L5/S1 in Figure 26 further to the right and above the design limit for L5/S1 compressive 
force. This analysis indicated that the larger size and greater strength of the industrial 
population may put them at greater risk for overexertion. Therefore, the knowledge
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gained with regard to the industrial subjects is that the focus of future research should 
be on the biomechanical evaluation of the exertions.
50 100 150 200 250
Force Exerted by each Hand (N)
79.39 kg. mass .m 92.10 kg. mass — Design Limit
Figure 26 Plot of L5/S1 Compressive Forces for Different Exertions Comparing 
Student, Industrial and Design Limits for the Quarter Arc Handwheel in the Vertical 
Orientation at Floor Height
5.2 Discussion of Experiment Two
The results o f this experiment indicated that (1) the effect o f leather gloves and 
cotton gloves with plastic dotting were not significantly different from the no glove 
condition; (2) the style o f handwheel did have a bearing on the force exerted; (3) that 
there was no interaction between the use of gloves and the style of handwheel; and (4) 
that gender differences also created significant force generation differences. The 
average forces generated were 424.47 N (a  = 202.63) using cotton gloves with plastic 
dotting, 408.23 N (cr= 189.52) using leather gloves and 421.38 N (ct = 199.05) without 
the use of gloves. The effect of glove use found in this experiment contradicts the 
findings of, Riley et al. (1985), Cochran et al. (1986), Bishu et al. (1987), Sudhakar et 
al. (1988), Chen et al. (1989), Batra et al. (1994), Mital et al. (1994), and Shih and
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Wang (1997). The primary cause for this difference may have been that some of the 
studies listed measured the effect of gloves using dynamometers, straight handles, or in 
the case of Mital et al. (1994), screwdrivers and wrenches. These types of exertions 
were different than the two-handed exertion made while turning a handwheel and may 
account for the difference in results. It might then be suggested that for this type of 
task, the frictional forces provided by both the leather glove and cotton glove with 
plastic dotting were equivalent to the ungloved condition. If this were the case, the use 
of cotton gloves might be recommended for work where gloves could provide 
protection against dirt, slivers, chafing and abrasion.
A second conclusion was that the type of handwheel did affect the force 
generated. It was anticipated that the second handwheel that provided a post for the 
subject to grab would provide significantly different and greater force than the circular 
handwheel. This hypothesis was proved. The first, circular handwheel allowed for the 
generation of 403.72 N (a  = 180.10) of force, less and significantly different than the 
432.34 N (cr = 210.98) of force generated with the second, post style handwheel. This 
indicated that the post design characteristic, thought to be a great advantage was an 
advantage. This is a point for further research.
A third goal of this experiment was to determine if there was an interaction 
between the two handwheels used and the three glove conditions. Statistical analysis 
indicated that there was no relationship between these two variables, nor were any of 
the interactions significant. The lack of an interaction between the handwheel and use 
of gloves indicated that glove recommendations could be made independent o f the 
handwheel being used. Similarly, recommendations for type o f handwheel could be
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made independent o f  gender and recommendations for type of glove could be made 
independent o f gender. The lack of a significant interaction between gender and glove 
was unexpected, as the gloves used were all large in size. The lack o f significance may 
support the claim o f  Shih and Wang (1997) that glove use reduces painful pressure on 
the hand, in turn promoting contractions of arm muscles and yielding an increase in 
MVTE.
Finally, it was shown that gender was significantly different, as is commonly 
seen in studies o f strength, with female subjects generating 46.78% o f the force o f the 
male subjects. Females generated an average of 239.14 N (ct =103.03) o f force as 
compared to 517.41 N (a  = 162.00) generated by males. This difference in strength was 
greater than commonly reported by Chaffin and Andersson (1991) and others but in 
agreement with the single-handed exertion o f Woldstad et al. (1995) and two-handed 
study of Wood et al. (2000). The differences could have been due to the procedure 
which required exertions at the waist height (114.1 cm.) o f the 95% male population 
(NASA. 1978). These results bring forth an issue that may be of great safety 
importance, namely the inability o f females to generate greater than 50% o f male force 
strength. Future research should be conducted on this point.
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Chapter Six: Summary and Conclusions
Due to the large number o f facilities that produce oil and gas in Louisiana with 
numerous valves used for movement and control o f fluids, a review of valve handwheel 
operation was of interest. The safe and timely operation of the handwheel allows for 
the control of events and reactions in these facilities as well as provides protection from 
catastrophic events. Review of literature on two handed handwheel tasks yielded little 
and raised questions about what amount of torque a user could exert on a handwheel in 
different configurations. The objectives of this research were to 1) determine the effects 
of height o f exertion, orientation o f the handwheel and type o f handwheel while making 
two-handed torque exertions, 2) test a custom designed handwheel against commonly 
distributed handwheels, 3) develop a predictive equation for torque exertion and 4) to 
determine the effects o f gloves commonly used in the oil and gas industry on two- 
handed torque generation capability. The objectives were addressed through two 
experiments, one examining the effects of height o f exertion, orientation o f the 
handwheel and type o f handwheel and the second examining the effects o f glove use. 
Methodology included measures o f torque exertion, ratings of perceived exertion and 
biomechanical analysis.
The first experiment examined three types o f handwheels, including a custom 
designed handwheel, three handwheel orientations and five heights of exertion. Thirty 
right-handed male subjects exerted their maximum torque on the handwheels in forty- 
five different configurations for three repetitions. The peak torque was recorded for 
each repetition. Ratings o f perceived exertion were made for each configuration for the 
right and left arm, shoulder, and wrist, and the low back. A completely randomized
148
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
block design with blocking by subject was then analyzed using ANOVA and 
MANOVA to determine the significance of the type of handwheel, orientation of the 
handwheel, and height of the exertion. Biomechanical analysis of one subject’s posture 
was then used to augment conclusions about the better types of configurations. A 
predictive equation was then developed using the stepwise procedure based on task, 
anthropometric and strength variables.
The second experiment examined the effects of gloves commonly used in the oil 
and gas industry on two-handed torque generation capability. Eighteen males and ten 
females participated in the experiment of torque exertions made at a male waist height 
using two types of handwheels and three types o f gloves. Subjects exerted their 
maximum torque on the handwheels in six different configurations for three repetitions 
and the peak torque was recorded for each repetition. A completely nested factorial 
design with complete randomization was then analyzed using ANOVA to determine the 
significance of glove, handwheel and gender effects.
The results of the first experiment were analyzed following the method outlined 
by Keppel (1982) for a significant three-way interaction. All subsequent two-way 
interactions for each of the three variables were all significant. It was then necessary to 
analyze the simple effects of one factor while controlling the different levels of the 
other interaction factor. It was found that twenty-eight o f the thirty-nine were 
interactions were significant. The final step in the analysis was to search for significant 
simple comparisons. It was found that the custom designed handwheel allowed for the 
generation o f the significantly different and greater torque, that the height of exertion 
was significant only in the case of the overhead height and that the orientation o f the
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handwheel was better for the vertical orientation. A second analysis was conducted 
without the overhead height data which indicated that the custom designed handwheel 
was still significantly better than the other two handwheels, that the vertical orientation 
was best in most cases and the at the horizontal orientation was significantly different in 
several configurations. These results also indicated that floor height was significantly 
different from the other three heights. Biomechanical analysis indicated one posture 
was above the NIOSH (1981) design limit of 3400 N. A chart summarizing 
performance in Experiment One with recommendations for use in design is presented in 
Table 50. This chart also indicates what percentage o f the measurements made in 
Experiment One were less than the 222N o f force expected to be generated by 
designers.












Floor 129.84 417.10 704.36 89.26 Good potential for back 
injury, Greatest torque 
generated here
Knee 114.36 413.79 713.22 55.56 Potential for back injury
Overhead -181.38 151.90 485.18 20.89 Not advised due to 
excessive reach, least 
torque generated here
Shoulder 157.65 405.65 653.65 55.11
Waist 152.70 380.25 607.80 53.11
W HEEL
Circular 94.14 356.15 618.16 84.44 Allows for quick rotation
Quarter Arc 3.30 340.86 678.42 76.00 Allows for quick rotation. 
Least torque generated
Custom -7.17 364.21 735.59 78.00 Allows for most neutral 
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ORIENTATION
Horizontal 97.72 356.38 615.04 83.78 Recommended for 
shoulder and waist 
heights
Sideways -2.25 313.09 628.43 73.78 Least torque generated 
here
Vertical 8.91 391.75 774.59 80.67 Greatest torque generated, 
recommended for all 
configurations
Development of the predictive equation for torque exertion was not successful 
due to the small sample size used. The best equations developed had sample 
coefficients of determination below the established limit and did not cross validate. It 
was however shown that the larger size and greater strength of the industrial subjects 
works to their detriment causing five of the different configurations to create 
compressive forces at the L5/S1 joint of the low back greater than the NIOSH (1981) 
design limit.
The results o f the second experiment indicated no one glove type was 
significantly different from the other, but that the cotton glove with plastic dotting did 
allow for the generation of greater torque. It was also found that the quarter arc type of 
handwheel allowed for the generation of significantly greater force than did the circular 
handwheel. The effect o f gender was also seen with females generating 46.78% of the 
force of males.
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Chapter Seven: Future Research
During the course of conducting the review of literature and experimentation other 
questions have arisen that indicate a need for future research. Specifically:
(1) The first experiment should be repeated with an appropriate sample size for 
the development of a predictive equation for torque generation capability.
(2) An additional experiment should be conducted to determine the optimal 
handwheel diameter for any type of valve.
(3) An additional experiment should be made of reach and orientation of the 
handwheel to determine if different orientations might effect the rate of 
force decrement associated with increased reach.
(4) The first experiment should be repeated with a female population to 
determine what reduction in strength capability is seen as compared to 
males.
(5) A wheel turning task should be used tested with the different types of 
handwheels to determine turning performance differences.
(6) Additional heights of exertion and handwheel orientation should be used in 
the second experiment to determine the effects of these variables on glove 
usage.
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Appendix A: General Information Packet
1. When did you have your last physical examination?
a. Within the past 1 month
b. Within the past 2-4 months
c. Within the past 5-6 months
d. Within the past 7-12 months
e. More than a year ago





3. Are you more than 20 lbs. Overweight?
a. Yes
b. No
4. How many cigarettes do you smoke?
a. None
b. Less than a pack a day
c. approximately a pack a day
d. Between 1 and 2 packs a day
e. two or more packs a day
5. Do you have ASTHMA, BRONCHITIS or EMPHYSEMA?
a. Yes
b. No
6. Do you have ANEMIA, DIABETES or a THYROID CONDITION?
a. Yes
b. No
7. Do you have any type of HEART DISEASE or HIGH BLOOD PRESSURE?
a. Yes
b. No
8. Which of the following persons have been diagnosed as having any type of HEART 
DISEASE? (Rheumatic fever, congenital heart disease, etc.)
a. Mother only
b. Father only
c. Both mother and father
d. none of the above
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9. Which of the following persons have been diagnoses as having any type o f HEART 
DISEASE? (Rheumatic fever, congenital heart disease, etc.)
a. 1 sister or brother
b. 2 sisters and/or brothers
c. 3 sisters and/or brothers
d. 4 sisters and/or brothers
e. None o f the above
10. Which of the following persons have been diagnosed as having any type o f HEART 





e. None o f the above
11. Which of the following persons have had a HEART ATTACK?
a. Mother only
b. Father only
c. Both mother and father
d. None o f the above
12. Which of the following persons have had a HEART ATTACK?
a. 1 sister and/or brother
b. 2 sisters and/or brothers
c. 3 sisters and/or brothers
d. 4 or more sisters and/or brothers
e. None o f the above









c. Both mother and father
d. None o f the above
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15. Which o f the following persons have had a STROKE?
(Cerebral hemorrhage)
a. 1 sister and/or brother
b. 2 sisters and/or brothers
c. 3 sisters and/or brothers
d. 4 or more sisters and/or brothers
e. None of the above






e. None of the above




c. Both mother and Father
d. None of the above
18. Which o f the following persons have been diagnosed as having HIGH BLOOD 
PRESSURE?
a. 1 sister and/or brother
b. 2 sisters and/or brother
c. 3 sisters and/or brothers
d. 4 or more sisters and/or brothers
e. None o f the above






e. None of the above
20. How many people in your immediate family have had any o f the cardiovascular 
disorders such as any type o f HEART DISEASE, STROKE, HIGH BLOOD 
PRESSURE or a HEART ATTACK under the age of 55?
a. 1
b. 2
c. 4 or more
d. None
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21. How much stress would you say you have been under in the past 6 months?
a. None at all
b. A little
c. A moderate amount
d. Quite a bit
e. A tremendous amount
22. How would describe yourself in the following terms? (Right now)?
a. relaxed and easy going
b. Hard driving and ambitious
c. A combination o f both of the above
d. None of the above
23. Which one of the following exercises do you seriously engage in on a DAILY 
basis? (Must be daily—  not just once in a while)
a. Meditation
b. Stress management exercises
c. Relaxation therapy
d. self hypnosis
e. None of the above
24. How often do you LIFT WEIGHTS?
a. Almost never
b. Once or twice a week
c. 2 or 3 times a week
d. 4 or more times a week
25. How often do you, RUN, SWIM, or JOG?
a. Almost never
b. One or twice a week
c. 2 or 3 times a week
d. 4 or more times a week
26. List TEAMS games that you complete in on a regular basis? (If more than one. 
select your most favorite game)
27. How would you describe yourself when you play competitive games?
a. Aggressively competitive ( Hate to lose)
b. Moderately competitive
c. Non-competitive (Winning isn’t important)
d. None of the above
28. If an appointment is made with you, you may be asked to refrain from strenuous 
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29. You may also be asked to refrain from smoking cigarettes and drinking coffee and 




30. Are you taking any medication that may alter your blood pressure?
a. Yes
b. No
31. Are you color blind?
a. Yes
b. No




33. Have you had or do you now have a
hernia?____________________________________
Corrective date _____
34. Have you had extreme shoulders, arms, knee or leg pain?___________
35. Have you had or do you now have a problem with you blood 
pressure___________________
36. Have you had any type o f surgery or serious illness within the past six 
months?___________
if so, what_______________________________________________
37. Have you had your normal amount of sleep within the past 24 
hours?____________________
38. Have you ever had back pain, particularly lower back 
pain?____________________________
Do you know of any reason what physical stress would cause you 
i nj ury ?_________________________________________________________
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Appendix B: Consent Form — Student Subjects
1. Study Title: Ergonomic Evaluation of Manually Operated Valves Experiment Two
2. Performance Site: Louisiana State University and Agricultural and Mechanical 
College
3. Investigators: The following investigators are available for questions M-F, 8:00
a.m. - 4:30p.m.
Eileen Bordelon Hoff 225-388-5378
Dr. Sherif M. Waly 225-388-5364
4. Purpose o f the Study: The purpose of this study is to determine how different 
heights of handwheels, orientations of handwheels and types o f handwheels effect 
human torque performance. Torque is force that is transmitted by a lever over a 
distance. In this case you create a force that the supports of the handwheel transmit 
from the rim o f the handwheel to its center.
5. Subject Inclusion: Right handed male students from the university population who 
do not have previous back or shoulder pain or injuries or a diagnosis o f heart or 
blood pressure problems. Elimination of candidates from the candidate will be done 
by questionnaire.
6. Number of subjects: 100
7. Study Procedures: Subjects will be asked to complete nine hours o f laboratory 
experimentation. This time will be broken into six one and one-half hour sessions. 
The first laboratory period will be used to make anthropometric measurements, 
isometric strength measurements and for task familiarization. Fifteen to twenty 
minutes will be provided for familiarization with the handwheels and testing fixture, 
as well as to become familiar with the required posture and procedure. Subsequent 
laboratory periods will be one and one-half hour long consisting o f randomized 
exertions using the different heights of torque exertion, handwheel orientation and 
handwheels. Measurements will be made o f peak torque and subjective rating of 
task difficulty.
8. Benefits: This study may yield valuable information about human torque 
performance that may be used to redesign valves used in chemical plants and oil 
processing facilities, in the hopes of preventing or limiting accidents. Subjects who 
complete the entire nine hours of experimentation will be compensated $50.00 for 
their participation. Subjects who must withdraw due to physical stress will be 
compensated a pro-rated amount. Subjects who withdraw for their own 
convenience will not be compensated.
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9. Risks: The only risk would occur if you do not follow the directions and try to exert 
an excessive amount o f force. The potential for soft tissue (muscle) injury is real but 
by not exerting more than you normal maximum exertion the chances o f injury are 
small. You should exhale and not hold your breath while making your exertions as 
it increases the chance o f injury. If you do so you may not have any side effects, 
but you may experience muscle soreness or strain.
10. Right to Refuse: Subjects may choose not to participate or to withdraw from the 
study at any time without penalty or loss of any benefit to which they might 
otherwise be entitled.
11. Privacy: Results of the study may be published, but no names or identifying 
information will be included in the publication. Subject identity will remain 
confidential unless the law requires disclosure.
12. Signatures:
The study has been discussed with me and all my questions have been answered. I 
may direct additional questions regarding study specifics to the investigators. If I 
have questions about subjects' rights or other concerns, I can contact Charles E. 
Graham, Institutional Review Board, (225) 388-1492.1 agree to participate in the 
study described above and acknowledge the investigator's obligation to provide me 
with a signed copy o f this consent form.
Signature o f Subject______________________________ Date_________
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Appendix C: Consent Form -  Industrial Subjects
1. Study Title: Ergonomic Evaluation o f Manually Operated Valves Experiment One
2. Performance Site: Your employers facilities. This facility name and address are:
3. Investigators: The following investigators are available for questions about this 
study, M-F, 8:00 a.m. - 4:30p.m.
Eileen Bordelon Hoff 225-388-5378 
Dr. Sherif M. Waly 225-388-5364
4. Purpose of the Study: The purpose of this study is to determine anthropometric and 
strength measurements for persons who work in the oil field and chemical plants.
5. Subject Inclusion: All persons who work at your facility and who do or may in the 
future work on a rig, platform, chemical other production facility. Subjects must not 
have previous back or shoulder pain or injuries or a diagnosis of heart or blood 
pressure problems. Elimination of candidates from the candidate pool will be done 
by questionnaire.
6. Number of subjects: 200
7. Study Procedures: Subjects will be asked to cooperate with measurements of ankle 
height, knee height, crotch height, iliac crest height, acromial height, eye height, 
shoulder width, stature, weight, chest depth, abdominal depth, horizontal reach, 
overhead reach, hand length, hand width, foot length, grip span, ulnar deviation, 
radial deviation, static arm strength, static shoulder strength, static trunk strength, 
static leg strength, grip strength dominant hand, and grip strength non-dominant 
hand. This should require one hour.
8. Benefits: This study may yield valuable information about human anthropometry 
and strength that may be used in the design of facilities and tasks for oil field and 
chemical plant personnel, in the hopes of preventing or limiting accidents.
9. Risks: The only risk would occur if you do not follow the directions and try to exert 
an excessive amount of force. The potential for soft tissue (muscle) injury is real but 
by not exerting more than you normal maximum exertion the chances o f injury are 
small. You should exhale and not hold your breath while making your exertions as 
it increases the chance of injury. If you do so you may not have any side effects, 
but you may experience muscle soreness or strain.
166
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10. Right to Refuse: Subjects may choose not to participate or to withdraw from the 
study at any time without penalty or loss o f any benefit to which they might 
otherwise be entitled.
11. Privacy: Results o f the study may be published, but no names or identifying 
information will be included in the publication. Subject identity will remain 
confidential unless the law requires disclosure.
12. Signatures:
The study has been discussed with me and all my questions have been answered. I 
may direct additional questions regarding study specifics to the investigators. If I 
have questions about subjects' rights or other concerns, I can contact Charles E. 
Graham, Institutional Review Board, (225) 388-1492.1 agree to participate in the 
study described above and acknowledge the investigator's obligation to provide me 
with a signed copy o f this consent form.
Signature of Subject______________________________________ Date__________
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Appendix D: Instructions (Student Subjects)
You will be asked to complete measurement o f your physical dimensions and 
strength as well as your ability to generate torque using different handwheels, at 
different heights and in different orientations.
You will be asked to cooperate with measurements o f your physical dimensions 
and strength. Please cooperate by assuming the postures that you are asked to as 
quickly as possible. Stand tall and do not inhale to bias the measurements. During 
measurements of strength you should pull only while exhaling. Do NOT attempt to 
pull more than you would normally be comfortable pulling. This will increase the 
chance of an injury.
You will then be asked to make maximal exertions o f  torque using the various 
handwheels attached to the custom jig in the research laboratory.
When making your exertion you should stand
• Feet no greater than shoulder width apart.
• One foot behind the other ....
• No less than half the length of your foot.
• No greater than the width o f your shoulders.
• Front foot no further forward than the center of the handwheel.
• Do not twist, lean otherwise thrown your weight into the exertion.
Place your hand on the handwheels at the positions that will be indicated and make 
your maximum exertion when instructed. Do NOT jerk the handwheel but make a 
smooth exertion. The maximum torque will be recorded. You will then be asked to rate 
your perceived exertion for your arms, shoulders and lower back.
Instructions (Industrial Subjects)
You will be asked to complete measurement o f your physical dimensions and 
strength. Please cooperate by assuming the postures that you are asked to as quickly as 
possible. Stand tall and do not inhale to bias the measurements. During measurements 
of strength you should pull only while exhaling.
Do NOT attempt to pull more than you would normally be comfortable pulling. 
This will increase the chance o f an injury.
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Appendix E: Consent Form — Experiment Two
1. Study Title: Evaluation of Human Torque Performance Experiment Two
2. Performance Site: Louisiana State University and Agricultural and 
Mechanical College
3. Investigators: The following investigators are available for questions about this 
study, M-F, 8:00 a.m. - 4:30p.m.
Eileen Bordelon Hoff 225-388-5378 
Dr. Sherif M. Waly 225-388-5364
4. Purpose o f the Study: The purpose of this study is to determine how different types 
o f gloves, heights of handwheels, orientations o f handwheels and types of 
handwheels effect human torque performance. Torque is force that is transmitted by 
a lever over a distance. In this case you create a force that the supports o f the 
handwheel transmit from the rim of the handwheel to its center.
5. Subject Inclusion: Right handed male students from the university population who 
do not have previous back or shoulder pain or injuries or a diagnosis of heart or 
blood pressure problems. Elimination o f candidates from the candidate will be done 
by questionnaire.
6. Number o f subjects: 50
7. Study Procedures: Subjects will be asked to complete thirteen and one half-hours of 
laboratory experimentation. This time will be broken into nine one and one half- 
hour sessions. The first laboratory period will be used to make anthropometric 
measurements, isometric strength measurements and for task familiarization. Fifteen 
to twenty minutes will be provided for familiarization with the gloves, handwheels 
and testing fixture, as well as to become familiar with the required posture and 
procedure will be included. Subsequent laboratory periods will be one and one-half 
hour long consisting of randomized exertions using the different gloves, heights of 
torque exertion, handwheel orientation and handwheels. Measurements will be 
made o f peak torque and subjective rating of task difficulty.
8. Benefits: This study may yield valuable information about human torque 
performance that may be used to redesign valves used in chemical plants and oil 
processing facilities, in the hopes o f preventing or limiting accidents.
9. Risks: The only risk would occur if you do not follow the directions and try to exert 
an excessive amount of force. You should also be aware that the chances o f injury 
are greater if  you do not exhale during the exertion. If you do so you may not have 
any side effects, but you may experience muscle soreness or strain.
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10. Right to Refuse: Subjects may choose not to participate or to withdraw from the 
study at any time without penalty or loss of any benefit to which they might 
otherwise be entitled.
11. Privacy: Results o f the study may be published, but no names or identifying 
information will be included in the publication. Subject identity will remain 
confidential unless the law requires disclosure.
12. Signatures:
The study has been discussed with me and all my questions have been answered. I 
may direct additional questions regarding study specifics to the investigators. If I 
have questions about subjects' rights or other concerns. I can contact Charles E. 
Graham, Institutional Review Board, (225) 388-1492.1 agree to participate in the 
study described above and acknowledge the investigator's obligation to provide me 
with a signed copy o f this consent form.
Signature of Subject______________________________________ Date__________
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Vita
Eileen Bordelon Hoff was bom in Baton Rouge, Louisiana, in May o f 1972.
She received a bachelor's degree in Industrial and Manufacturing Systems Engineering 
from Louisiana State University in May of 1995. She then enrolled in the degree 
program for a master's degree in the same area. She married Brandon J. Hoff, also a 
student in the department in January o f 1996. She worked as a graduate assistant for 
Dr. Sherif Waly and assisted with courses including statistics, biomechanics, 
ergonomics and industrial hygiene. She received a master's degree in May, 1998. She 
then worked briefly as an automation engineering in the oil and gas production industry. 
In August o f 1998 she enrolled in the interdisciplinary doctoral program in Engineering 
Science and in December, 2000, the degree of Doctor of Philosophy in engineering 
science will be conferred.
She is a student member o f  the Institute of Industrial Engineering, Human 
Factors Society and Alpha Pi Mu honor society. She has been an Engineer in Training 
since 1998.
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